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1.1 ̮ȌôœȚƖʱ 
 ˳ź
ŀɉ0̮Ȍôœɒɗ¥¼ɄM"IƐɂȸ/I̮ȌôœȚƖʱ
͂Electrochemically active bacteria; °× EAB ̓ȗɕJ.H
J?/3͆ɬ̻5
EABɜGJ.I ͂Hirose et al., 2018)ħ¹̮ǻMğ5̮Őćś¹0 .ɂʣ
"IʥëMƱ, EAB6ɏ̮ʱ͂Exoelectrogens̓0ę7J.H (Logan, 2009)
ħ¹
̮ǻMğ5̮ŐÀ¹0 .ɂʣ"IʥëMƱ, EAB6̮ȌďƠʱ͂ Electrotrophs̓
0ę7J.I (Lovley, 2011)ơ5]~/6
JG EAB 5ʥëMƔɄ 

̮ǻ0Ɛɂȸ5̠3̮țMț .ʈʤÕ5̏ổÎȺƝMåƏ"IxRW̮Ȍôœ
dfo (Bioelectrochemical system; °× BES; Fig. 1) 3,.5ɞɰMʻ+.I 
(Rabaey et al., 2009)?( EAB6
BES5F2©űɒdfo)/2
ʨȳɁ
ĺ5ƐɂȸɂƝʃ5ƇƠDʒƱ3.C̑˂0ʟGJIF32+.I
Fig. 2 3ɣ"¿/6
̍̏M̏ôÝˈ/Iɟ̏̉Î/2 Geobacter 0̍̏M
Ýˈ/2ɟ̏̉Î/I Thiobacillus 5ȠďĴ̼3.
Ŧ̮Ɩ5]uk
RqƐʁŐMȡí"I0/ɬ̠̮Ő´̄ (Interspecies electron transfer, IET) Ä˾
J
Ôɂɒ¯˝̿òȽôJ.I (Kato et al., 2012)J6
Ɂĺ3.
EAB ̮țM« .̮ȌUu[MDHĆH"I̮ȌÔɂMʻ0MɣĞ .
IG3
EABŦ̮ƖʛȋMãɄ .ɬ̠̮Ő´̄MʻċʥƖCɣJ.
I (Summers et al., 2010) 
  
1.2 ɏ̮ʱ 
 ɏ̮ʱ3̡ .6
ª?/3ɏ̮Ȅǽ5ˈǒDɏ̮ʱMãɄ"I~hf5̟ɏ2
13̡"IŁ5ɞɰ2J..Iȹ3
pɏ̮ʱ/I Geobacter 
sulfurreducens (Caccavo et al., 1994) D Shewanella oneidensis (Venkateswaran et al., 1999) 
6̲ŷ3FɞɰJ.H
&JG5ȹƖDɏ̮ȄǽǒG3J..I
JG3̡ .6
6!B6ŁǾ2ęĕʥMC,ħ¹̔ū̉Îʈʱ0 .ü̬J

&5ƌ5ɞɰ3FHɏ̮/I0ɣJ(,?H
ɏ̮̮͂ǻMɄ.ęĕ̓
"Iʥë6
&C&Cʈʤŀ5ħ¹̔ūMɄ.ęĕ"I(B5ʥë0 .˾ô (
C50ʟGJI() 
"<.5̔ū̉Îʈʱɏ̮ʥMƱ,L/62
?
(&5˶3"<.5ɏ̮ʱ̔ū̉ÎʥMƱ,L/620ʟGJ.I (Zuo 
et al., 2008) 
 J?/5ɞɰ3F+.
]̨ƖF8̧ƖġL#ÝŐʃʎœɒ3ŁǾ2ū5
ɏ̮ʱ˃,+.I?(
&JG536
ɏ̮ʥëMƱ,ǳ0Ʊ(2ǳ
ȠĬ"IūCŒĬ"I¿7Geobacter3,.6
pɏ̮ʱ5G. sulfurreducens
MĔAŁ5ʱǳɏ̮ʥëMC,0ɣJ.I (Lovley et al., 2011)J6

 6 
ǥū5ʈʱ5Ô˹ʥëħ¹̔ū5̉Îʥ/I03ɆǨ"I0ƕLJI
Shewanella/CĐǾ3
pɏ̮ʱ5 S. oneidensisMĔAˁǇ5ʱǳɏ̮ʥëM
C,0ɣJ.I (Kouzuma et al., 2015)?(
ǐě˃ƜǯɎM˥"0
ɜGJI Citrobacter 3.C
ˁǇ5ʱǳɏ̮ʥëMC,0ɣJ.H

5ū5ʈʱ6ŁǾ2ĵˡMɄ.ɏ̮ċʥ0J.I (Huang et al., 2014)
JG°ŀ3C Pseudomonas aeruginosa (Rabaey et al., 2005)
Aeromonas hydrophila (Pham 
et al., 2003)
Clostridium butyricum (Park et al., 2001)
Klebsiella pneumoniae (Rhoads et al., 
2005)
Thermincola ferriacetica (Wrighton et al., 2011)
Lysinibacillus sphaericus (He et al., 
2014) 213ɏ̮ʱĔ?JI0ɜGJ.H
̾<03̀ʭ}rSȿʱ
0 .FɜGJ.I Staphylococcus aureus (Bhuvaneswari et al., 2013) 3ū"Iʱ
ǳɏ̮ʥëMƱ,0CɣJ.IǞǍ5ɞɰ/6
Listeria monocytogenes3
.|zM« (̠Ƹɒ2ʈʤŀ̮Ő´̄ʋ˨ĶĖJ
5ʋ˨]
̨Ɩʱ3.żŒĬ"I0ɣJ.I (Light et al., 2018) 
  
1.3 ̮ȌďƠʱ 
 ̮ǻMğ5̮ŐÀ¹0 .ɂʣċʥ2̮ȌďƠʱ6
ɏ̮ʱ0Ȋ<.ĵɢɒ2
ɜ˃Ũ2
&JG5ɂɀœɒȹƑF8ŁǾƖ6ǒ2ȱŁ5ȾȺ/I
J6
J?/3̮ȌďƠʱ5ü̬3ȹô (Ĵ̼ȕɡɴJ.G#
̮Ȍď
ƠʥëMƱ,0ɜGJ.IʱǳŨ203˥Ĥ"I0ƕLJI̮ ȌďƠ
ʱ3.Ȋ˭ɒFɞɰJ.I56 Sporomusa ovata /H
J6̮ǻG
5̮ŐMɄ.ŃȌ5 CO2G̍̏MďƠ/I0ɜGJ.I (Tremblay et 
al., 2015)  
˔ʈ2̮ŐĆH˲@Ȅǽ6FL+.2?(
pʦ
ɳʱ0 .FɞɰJ.I Thiobacillus denitrificans (D P Kelly & Wood, 2000) 6

Ðʻɞɰ3.̮ȌÔɂ5p0 .ɄGJ (Kato et al., 2012)
̮ȌďƠʱ0
 .5ʥëɣJ.IG3
̏̕ôʈʱ5 Acidithiobacillus ferrooxidansMɄ
(ɞɰ3.6
BES5XjrGɖƸɒ3̮ŐMĆH˲N/ɂʣ"I0
ɣJ
&5ĆH˲@ȄǽƹŖJ.I (Ishii et al., 2015) 
 Acidithiobacillus6Ŋ̏Ɩ5ȻɴǱ̼ʈʱ/H
ĐūÕ3ɠ̀̏ôʈʱ0̏̕ôʈ
ʱŒĬ"I (D P Kelly & Wood, 2000)ȹ3ǥū5̏̕ôʈʱ6̏̕ô0̏ʆęĕ
Mʊ@ďL$.ɂʣ"I0ɜGJ.I
&5̩ɂ!(͇Â̕M̮ǻ (Xj
r) /×̉Î 
Uu[ȧ02I͆Â̕MÀʍ"IŖ̮·Ĵ̼3FHĻȈMÄ˾
$I0/I (Matsumoto et al., 1999)?(JG5ʱǳ6
̖ȸ5ǠÂ̔
ū (̘D̔21) Mģą"IxRWm]͂Fig. 5̓3ƔɄJ.H
ɃǺɒ3
C̑˂2Ɛɂȸ/I0ɜGJ.I (Valdés et al., 2008)  
ǥūʈʱ5
ɂʣ6˿
òȽ̳/Ǥ)3Ń2˙̹I?(ǎ/
ĊGFɞɰJ
.(3CLG#
5ū5ʈʱ5ɂƝF8ʃʎÝ̻36?)3ǙǓ2ƣ
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ŁAmouric G6
&J?/3 A. ferrooxidans 0 .Ý̻J(ʱǳʃʎɒ3 4
,5]~3Ý̻/I0Mɣ ( (Amouric et al., 2011)&JG5*͇,5
]~6˳źǍɬ0 .˖ŖJ.H
&J'J A. ferrivorans (Hallberg et al., 
2009)
A. ferridurans (Hedrich & Johnson, 2013)
A. ferriphilus (D B Johnson & Falagán, 
2016) 02+.I?(J?/5ɞɰ/ü̬J(ˁǇ5ʱǳ5Ȋ˭3.

Acidithiobacillus ūʈʱ5ɂʣȹƖ6ŁǾƖ3ŞN/I0ɣJ.I0
G (Amouric et al., 2011) 
Ɂĺ36FHŁǾ2Ǥɜ̏̕ôʈʱŒĬ"IF3ƕ
LJI (+.
̮ȌĴ̼MɄI21
ʱǳ5Ĵ̼ǎȕDü̬ǎȕMűņ"I
0/
ɁĺGǍ(2 Acidithiobacillus ūʈʱMü̬/I5/620ǣƊ
JI  
ĻȈMÄ˾"I(B3̮ȌĴ̼MɄ(ɞɰ6,IC55 
(Matsumoto et al., 1999)
̮ȌĴ̼3FI Acidithiobacillus 5̪ɮȸG`tü̬
"Iǎȕ6ɡɴJ.2+(ɁĺG̿ȚƖ2 Acidithiobacillus Mü̬"I
0J7
xRWm]3IǠÂ̔ū5ģąD BES 3IȸˡɂɃ;
5ƔɄ3,2I(B
FHĻȈʥë5̿ʱǳ5ɏ˃Ǣ?J.I 
  
1.4 EAB5ƔɄƦʼ 
 EAB 5ƔɄƦʼ0 .ǞCd~,żɞɰJ.(C56Ɛɂȸȵǋ̮
Ȓ͂microbial fuel cell; °×MFC̓/H (Lovley et al, 2008)
J6ɏ̮ʱǠȄȸ
M̏ôÝˈ (̩3ɂƠ"I̮ŐMPvr̮ǻ3ǅÜ"I0/ɏ̮"I~h
f/I5ʿʝ/6
Pvr3.ɏ̮ʱǅÜ (̮Ő6
̮ǻGŀ̋
ģ˨M̮ț0 .țJ
Xjr3.̏ʆ5̉ÎĄƔ3ɄGJI͂Fig. 3 ̓X
jr̮ǻ36UPXjr0ę7JȈʆ˷̂ʧį5̮ǻMɄI0Ł
5ʿʝ3üʱ?(6EABŒĬ"IɁĺb~0̍̏ɺ5ĵˡMíI0/

ɏ̮˥I 
 MFC 5ĵǥÿɀMɁĺ/5ɏ̮3ƔɄ (5ȍɅɏ̮ (Kouzuma et al., 2014) 
/I͂Fig. 4 ̓5dfo/6
ɭÑďƠɆǨ5ǠȄôďȸMǵGǵĩ3ǅ
Ü 
&JGMĪĽ3İBGJ(Pvrė˱3̪ɮJ(ɏ̮ʱ̏ôÝˈ 

ǅÜJ(̮ŐMģą"I0/ɏ̮"I&JE
5dfo3I̮Ȍɂ
Ơ6ɭ5ÑďƠ3ÁŒ .H
ǐ6Ǒ .ł̠6ȢŨ"IǼǐėǣɂ!I
(Kaku et al., 2008)J?/5ȍɅɏ̮3̡"Iɞɰ3.̮ǻʆǦDPvr̮
ǻ5·ʝ21ǹˌJ
Üë5ĒĦGJ.( (Kouzuma et al., 2014)?(

Pvr3®ɛ (Ɛɂȸʞ̪5ÝŐɂƝˈǫDk_vˈǫʻLJ (Kouzuma 
et al., 2013)
ɏ̮ʱ0 .FɜGJ.I Geobacter5˳ʗɬ5ÜȾɡ˖J.
IǹÜJ(ɏ̮ʱ6ÝŐʃʎˈǫ3.Ǎɬ5ċʥƖH
5ǍŇɏ̮
ʱ5Ɩˡ36Ń2ʪĘƱ(J(  ̮ǻ®˳5 EAB 5ŒĬ̓6Ũ2
Ǐ
Œ5ǎȕ/6Ǥ)3ü̬/.2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 ?(
ƷȍÛɀdfo0 MFC Mʊ@ďL$IǎȕCʟǶJ.IȾĬ
Ʒ
ȍÛɀ36ȚƖΩȖȕ0ŊȌɒ2ÛɀżɄGJ.I
5ǎȕ/6Û
ɀǿÕ5ǁƭDǚȌ3Ł5̮ȌUu[M˂ 
?(Ń̓3ɏɂ"I»éΩȖ5
Ûɀ32H˟ɄIɺ5ġ̹Iǎ
MFCMƀȍÛɀ3ɄI0
ǚȌ
˂32I00C3̮ȌUu[ģąJI0GŃŸ2ɘUuċʥ3
2H (Miyahara et al., 2013)
G3ΩȖɏɂ̓5æȢCɡ˖J.I(Asai et al., 
2017)ƀȍÛɀɄMFC3̡"Iŗːŗ̽CʻLJ
ȚƖΩȖȕ0Đɺ5ÛɀƖʥ0
80́°5ɘUuòǭɡ˖J.IG2If^Pn~D̮ǻ5¸`fq
ô215˙̹6I
Ǉźƌ5ŗɄôMɕƲ .̟ɏʐGJ.I 
 Ǟ˳6̮ȌďƠʱMƔɄ (Ʀʼ5ĶĖCĻí .H
ȹ3̮ǻGɖƸɒ3̮
ȌUu[MćĆ+.ȸˡɂɃMʻƐɂȸ̮ȌďƠ (microbial electrosynthesis; 
°×MES) ɛɕJ.I (Rabaey & Rozendal, 2010)MES5ɞɰ363 S. ovata
ɄGJ.H
̮ ǻG5̮ŐMɄ.ŃȌ5 CO2G̍̏ďƠJ(0
ĶĖJ.I (Tremblay et al., 2015)ɏ̮ʱ0ɍ2H
̮ȌďƠʱ6Xjrx
RW|Q3̪ɮJI
̮ ȌďƠʱM̪ɮ$(xRWXjrMɳʆ̦Ā3
ƔɄ"IǹˌCʻLJ.H
5ʱĈ36 Thiobacillus ̪ɮJ(0Cɣ
J.I (Pous et al., 2014) 
 
1.5 Ɂĺ3I EAB 
 Ɂĺ36̲ŷ3ŁǾ2ƐɂȸŒĬ .H
&JG5/ü̬Ĵ̼J(C
56L#/IƐɂȸɂƝˈǫ3FHĴ̼ǳMĔ?2ÝŐʃʎ]~ 
(ǤĴ̼]~) ŁǇŒĬ"I0ɣĞJ
JG5Ʊ,ȄʥDȚƖ36Ń
2ʪĘƱ(J.I˳ź
k_vˈǫ3FHǤĴ̼]~C,Ȅʥ£
ȥJIF32+( (Kouzuma et al., 2018)
&JG5ȚƖ5ƅ216ɜI0
/2ɃǺ;5ƔɄCĔB
ǤĴ̼]~3ū"IƐɂȸMü̬Ĵ̼"I
06ǻB.̑˂/Iǎ/
Ɂĺ5 EAB 5ŁǾƖF8ɂƝ3̡"Iɜ˃
6Ũ2
EAB0̮ǻ5ɗ¥¼Ʉ3̡"Iơ5ɜ˃6 Geobacter (Lovley et al., 2011)
D Shewanella (Kouzuma et al., 2015) 215pƐɂȸ5ɞɰGƎGJ(C53̤
GJ
ȓ .øÝ06ˊ2JG3̡"IɂƝœɒɜ˃5ƯÏ6 BES 5ɏŪ
5(B3Ɠ̶5C5/I0Ô3
̿ȚƖ2 EAB ü̬JJ7
MFC D MES 5
ŗɄô3Ē(ɞɰí˺JI0ƕLJI  
(0 BESMɄ. EABM
̿ſ3̪ɮ$(0 .C
&JG6̮ǻ3ĻȈ"IC5/H
ƍǨ5~q
Ĵ̼ȕ/ü̬"I06/2̂Ā3ɏ̮ʱMü̬"IpxRf0 . U-tube 
MFC̟ɏJ
Ochrobactrum3ū"IǍŇɏ̮ʱü̬J( (Zuo et al., 2008)
  
5ǎȕ62H5ǔ̠MƓ˂0"IC5/
Ǘă (06ˊ(Ⱦ
Ĭ
EABMü̬"I(B5Ǎ(2ǎȕ5̟ɏǢ?J.I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1.6 ǥɞɰ5ɕɒ 
 ˵ (F3
̮ǻ0̮Ȍôœɒɗ¥¼Ʉ"IƐɂȸȗɕJ.H
MFC
DMES;5ƔɄǣƊJ.I  
ȾȺ&JG5òȽ6øÝ06ˊ#

ŗɄô6?)̆0ƕLJIơ6
5Ĥ6̡"I EAB3̡"Iĵɢɒ2
ɜ˃˦ .I03I0ʟ.I&/ǥɞɰ/6
ǍŇ̮ȌôœȚ
Ɩʱ5ü̬ˈǫM˹ .
EAB3̡"Iĵɢɒɜ˃DĵɔˈǫƦʼMƯÏ"I
0Mɕɒ0"I&5(B3
ɸ3̮ȌďƠʱ5ɬ/I Acidithiobacillus5
ǍŇü̬ǳ5ü̬ˈǫMʻ+(?(
ɏ̮ʱM̿ſ3̪ɮ$I(B3
ȍɅ
ɏ̮5̮ǻ5bRgMǹˌ 
̮ëŝſ5ĒMɕƲ (G3
Ɂĺ5 EAB
M̿òȽ3ü̬"IǍ˄2Ƥȕ0 .̮ǻ~qĴ̼ȕ5̟ɏMʻ+(̮ǻ~
qĴ̼͂Electrode plate culture; °× EPC̓6
Ĵĭ~q3̮ǻMˏʝ
 
̮ǻM̮Őćś¹?(6̮ŐÀ¹0 .`tMƇƠ$IƤȕ/I
͂Fig. 6 ̓ʱȞM~q5ʽ̳3ĸŵƌ
˷ǒ2¼Ʉǻ (FTOYf̮ǻ) M&5
3ʾ$I0
&5×3`tÜȾ 
ɂʣ3µ̮țɂƠI5ʿ
ʝ6
̮ǻ̮·M̮̿·?(6¸̮·3ˏŖ"I03F+.
ɏ̮ʱMü̬"I
(B5̮ǻM̮Őćś¹0 ( EPC͍electron-accepting EPC͂EA-EPC ̓F8̮
ȌďƠʱMü̬"I(B5̮ǻM̮ŐÀ¹0 ( EPC͍electron-donating EPC
͂ED-EPC ̓0 .ɄI0/IJG5ɞɰ3FH
ŀɉ0̮Ȍôœɒ
ɗ¥¼Ʉ"IƐɂȸ5ŁǾƖDɂƝ3̡"IĵɔƙĶƯÏJI0ǣƊJ
I?(
ü̬J(Ɛɂȸ5G
MFCDMES;5ƔɄǣƊ/I̿ȚƖ
ʱǳƎGJ.I0ǣƊJI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 Fig. 1 Ɛɂȸ̮Ȍôœdfo5Ǽ˂Ħ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 Fig. 2 Ŧ̮ƖƐʁŐM« (ɬ̠̮Ő´̄5p̍̏M̏ôÝˈ/Iɟ
̏̉Î/2 Geobacter0̍̏MÝˈ/2ɟ̏̉Î/I Thiobacillus5Ƞ
ďĴ̼3I̮țM« (ɬ̠̮Ő´̄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 Fig. 3 ʫɒ2Ɛɂȸȵǋ̮Ȓ5Ǽ˂Ħ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 Fig. 4 ȍɅ3ˏʝJ(ȍɅɏ̮dfo5Øɚ͂A̓F8ȍɅɏ̮5Ǽ˂Ħ
͂B ̓ 
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 Fig. 5 xRWm]5Ǽ˂Ħ5~hf/6͇Â͂̕Fe3+̓̏ôè0 
.̖ȸ0ĄƔ 
ǠÂ̔ū5ȩˈ0͆Â͂̕Fe2+̓5ɂƠ˥I̏Ɩ5̖ŭƷȍ
/6͆Â̕5ʨȳ̏ô˥H3
Ŋ̏Ɩ5̏̕ôʈʱ͆Â̕M×̏ô
"I0/~hfM̿òȽô/I 
 
 
  
CuS
CuS + 2Fe3+→ Cu2+ + 2Fe2+ + S0
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 Fig. 6 ̮ǻ~qĴ̼ȕ5Ǽ˂Ħ͂A̓F8Øɚ͂B ̓ 
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ɸ͆ɵ ǍŇ Acidithiobacillusūʈʱ5ü̬ 
 
2.1 ʕˊ 
 ̮ȌďƠʱ5ɬ/I Acidithiobacillus ūʈʱ6ĊGɞɰJ.H
J
?/3Ł5ǳü̬J.Iǎ
ü̬J(ʱǳ6ɂɀœɒ
ÝŐʃʎɒ3
¶(ƖˡMǠ .H
ǥūʈʱ5ŁǾƖøÝ3ɀˈJ.I06ƕ2Ǐ
ɜʱǳFH̿ĻȈʥëD̏̕ôʥëMƱ,ʱǳü̬J
&5ƖˡǒG32
J7
xRWm]5̿òȽôD MES ;5ƔɄ3,2IċʥƖI&
/ǥɵ/6
Acidithiobacillus3ū"̏̕ôʈʱ5ɂŒƢɋDɂɀœɒȹƖMˈǒ"I
ɞɰ5̂ɫ/ü̬J(Ǎ ǳ3,.
&5ɂɀœɒȹƑ®F8_vˈǫ
5ʌǭMˎ" 
 
 
2.2 Ǧǋ0ǎȕ 
2.2.1 ¾Ʉʱǳ0Ĵ̼ǧ² 
 Acidithiobacillusū5ʱǳ (Table 1) 6Xm`\dFHĆHŜ$(Ȟ
¹Ĵ̼36̕ 9KĴĭMɄ
&5¼Ơǎȕ6°×5˹H/I10 x 9KĴĭ6
ʷ
Ɋȍ 490 mL3(NH4)2SO4 25 g
KCl 0.8333 g
K2HPO4 0.4166 g
MgSO47H2O 4.1666 
g
Ca(NO3)24H2O 0.125 g
10N H2SO4 M 10 mLí
Fƿƭ (C5MɄ(
10 x 9KĴĭ 8.5 mLMfdl3í
100 mL?/fPn~ (&JM
zX3ɪ 
¤Â̕0 . FeSO47H2OM 3 g (ʄ 100 mM)  í(&5ƌ

fk/Fƿƭ 2G 10N H2SO4/ pHM 2.03˚ǈ 
tcq
RF (ǐǥeTuoQ\f) /K̂ ( 
 Ȫʱ ( 300 mLxn|®ˇ|f`3̕ 9KĴĭM 100 mLÒJ
Ĵ̼ȞM
1 mLí.Ǎ(3Ĵ̼ (˒̽ɼ/5ʏ¯Ĵ̼5ķď6
Ȫʱ (˒̽ɼ3̕ 9K
ĴĭM 4 mL ÒJ
Ĵ̼ȞM 40 L í(Ĵ̼Ȟ6RZk (BioShaker 
BR-43FL TAITEC) MɄ. 303Å*
180 rpm/ƴ0 (ʄ͆˽̠5Ĵ̼ƌ

ˎ5ǎȕ/Ǎ Ȟ¹Ĵĭ3Ǹʏ) 
 
2.2.2 ɂʣ5ɡ˖ǎȕ 
 ʱ5ɂʣ6ȭſȥŖ?(6 4’,6-diamidino-2-phenylindole (DAPI)ǯʭ (ʈʤ5̺Ɛ
̛ˆŠ3F+.ɡ˖ (̕ ̏ôʈʱ5ĻȈ3F+.Ĵĭ5¤Â̕Â̕3̏ô
JI0
Ĵ̼Ȟ5ʭ6˷ǒGˣʰʭ3Ŀô"I (Fig. 1) ȭſȥŖ3.6

5ʭ5ĿôMˋȥ 
ĻȈ5ɫſMƧƼ (ȭſȥŖ36miniphoto518R (TAITEC) 
MɄ
660nm5ĕÑſMȥŖ (˒̽ɼM miniphoto518R3hnq .ĕÑſM
ȥŖ"I(B
4 mL5ĴĭM˒̽ɼ (ɖƉ 18 mm) 3ÒJ.Ĵ̼ (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 DAPI6̰ʭ5ʺÑʭʆ/H
¤ǥ̚ DNA 5 AT ̷Ĳ;ʌď"IȥŖ5̩6

ʷɊȍ 2 mL
\U̏ȍȩȞ͂350 mM 4̓50 µL
ʱȞ 50 µL
DAPIȍȩȞ (1 mg/mL) 
25 µL MFȠ%ďL$
̺Ɛ̛ˆŠɄ}|Qk  (őƉ 0.2 µm

ADVANTEC) /K̂ (ƌ
ʺÑ̺Ɛ̛ (BX60 Wyf) 3FIˆŠMʻ+(
¯ʽɒ2̺Ɛ̛ÌM Fig. 2 3ɣ"ͅb~3, 10 Ǭ5ɈÌMƾƈ 
ɈÌ
5ʱǇMXSq (°×5ƂͅMɄ.ʱǇXSqGĴ̼Ȟ5ʱǇ 
(cell/mL) Mˋɻ 
10Ǭ5ɈÌ5ŹĮÈMȏB( 
 
 
2.2.3 ~qĴ̼ȕ 
 ̕ 9KPYf~q6̕ 9KĴĭMPYf/ħô$(ħƇĴĭ/H

Solution A0 Solution BMȠ%.¼Ơ (Solution A6°×5F3¼Ơ (10 x 
9KĴĭ 25.5 mLMfdl3í
150 mL?/fPn~ (&JMz
X3ɪ 
FeSO47H2OM 3 g (ʄ 100 mM)  í(&5ƌ
fk/Fƿ
ƭ 2G 10N H2SO4/ pHM 2.03˚ǈ 
tcq RF (ǐǥeTuoQ
\f) /K̂ (Solution B6°×5F3¼Ơ (ʷɊȍ 150 mL3PYf 
(Agarose L03 kXxRW) M 1.2 g í
fk/Fƿƭ 
Wq\
} (121
20Ý)  (ʄ 60®˳?/Ù? (G Solution A0FȠď 
10Ǭ
5d3ȗħô$( 
 ̕ 9K dX_~q6̕ 9K ĴĭM`RldX/ħô$(ħƇĴĭ
/H
°×5˹H3¼Ơ (`RldX 16 mL
10 x 9KĴĭ 2 mL
ʷɊ
ȍ 2 mLMfk/ƿƭ 2G FeSO47H2O 0.6 gMí
&5ƌ pHM 2.03
˚ǈ (JMYfd3ȗ
Wq\} (121
20Ý)  (F
Ù? .G
10Ý̠¡ȶ$( 
 
2.2.4 ĻȈǛʖ5¼Ơ 
 ĻȈ˺ſMȊ˭"I(B
&J'J5ʱǳMȞ¹ (Ĵĭ36 pH 2.05̕ 9KĴ
ĭMɄ
Ȥſ6 303ˏŖ (Ďʱǳ5Ĵ̼6 3˼/ʻ
DAPIXSqMͅ
ǐͅģʻ03FHĻȈMƧƼ 
ȊĻȈ˺ſMɻÜ ( 
 
2.2.5 ǠȄȸʡƖ 
 ǠȄȸʡƖM˚ǰ"I(B
̕ 9KĴĭ3ǠȄȸ0 .]`fF8]h
Mȡí (]`f6 2.5 mM
5 mM
10 mM
20 mM
]h6 2.5 mM

5 mM
10 mM5Ȯſ/ȡí (Ĵ̼6 303˼°/ʻ+(ĻȈ5ɡ˖6ȭ
ſȥŖ3FHʻ
&GȊĻȈ˺ſMˋɻ ( 
 (mm2) x 
 (cell / 0.01 mm2) x 100 x 
 (mL)
 (cell/mL) = /	

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2.2.6 DNAƬÜ 
 100 mL5̕ 9KĴĭ/Ĵ̼ (ƌ3ʱ¹MȮʙ
șε 
DNAƬÜ3Ʉ(Ĵ
̼Ȟ5̕M̦(B
?#̱ʝ ./I)̕MȔȉ$
ȔȉȸM0G2F
3ȫ@M 50 mLm}3ɪ 
̆ƒ (4
9000 rpm
20Ý)  (ļ̳3®
ɛ (ʱ5nqM 1.5 mLm}3ɪ 
̆ƒ (4
12000 g
20Ý)  (Ĵ
̼ȞMċʥ2̤H̦
ʱ¹ȔȉȸM TEN buffer (pH 2.0) 3FH͆ģșε (G
3
PBS buffer (pH 7) 3FIșεM 2ģʻ+( 
 DNAƬÜ6 Tissue Genomic DNA Extraction Mini Sample Kit (FAVORGEN) MɄ

ȡ®5˘ǒǜ3ƍ+.ʻ+(ˎ5˳ɶȔȉȸ3 200 µL5 FATG1 Buffer Mí.
Micropestle/e±Rg 
G3 20 µL 5 Proteinase K (10 mg/ml) Mí
60
/ʱ¹ȩˈ"I?/RZq (ȅ3
200 µL5 FATG2 Buffer Mb~
ȩȞ3í
70/ 10Ý̠RZq (G3
200 µL5 100%Ukv
Mb~ȩȞ3í
FȠ%(b~ȩȞM FATG Mini Column 3P~
R . 1Ý̠̆ƒ 
KȞMƵ.(&5ƌ
500 µL5W1 Buffer0 750 µL5Wash 
Buffer 3FHXMșε (G3 3 Ý̠̆ƒ . Column M¡ȶ$(ƌ3
Elution Tube ;ĆH®
Elution BufferMP~R . 3Ý̠̱ʝ (&5ƌ 2Ý
̠̆ƒ 
DNAMXGȩÜ (FHʂˀſ5̿ DNAMƎI(B3
RNase
Ûɀ0 DNA5×ʂˀMʻ+(DNAȩȞ5 1/10005̓5 RNaseA (tne, 
10 mg/mL) Mí
37/ͅǔ̠RZq (&5ƌ NucleoSpin gDNA Clean-
up (MACHEREY-NAGEL) MɄ. DNA Mʂˀ (DNA 5Ȟ̓M 150 µL 3˚ǈ
 
Binding Buffer DBM 450 µLí. 5ɩ̠ƅƿƭ (5ȩȞM Column3ȡ
íƌ̆ƒ 
KȞMƵ.(X3 Buffer DWM 700 µLí. 2ɩ̠ƅƿƭ 

̆ƒ .KȞMƵ.(Cſ5șεMʜH˴ 
G3ͅÝ̠̆ƒ .X
M¡ȶ$(Buffer DEM 50 µLȡí .ͅÝ̠̱ʝ 
2Ý̠̆ƒ . DNAMȩ
Ü ( 
 
2.2.7 PCR 
 PCRȩȞ36
Ex Taq 0.5 µL
dNTP 8 µL
PCR buffer 10 µL
Ď~R 0.6 µL
Mȡí (~R36 16S rRNÄ´ŐMŁǾ2ÿǴɂȸGĻŸ$I(B
5txb~R/I Bac331f͂TCCTACGGGAGGCAGCAGT̓F8
Bac797r͂ GGACTACCAGGGTCTAATCCTGTT M̓Ʉ(ǑȤǧ²6°×5˹H/
+(͌ 96 30ɩ; 96 30ɩ
60 30ɩ
72 1ÝM 25bR\; 72 7Ý (°̣ 
4)  
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2.2.8 ÝŐʃʎˈǫ 
 ÝŐʃʎˈǫ6MEGA6.06-Mac (Tamura et al., 2013) MɄ.ʻ+(ˈ ǫ3ɄI
ʱǳ5Ĺĵ̌àM fastaƇƂ/ˎ˵ 
MEGA3Rq (ClustalWMɄ.
Ĺĵ̌àMPRq 
masƇƂ/ÅŒ (ʃʎȃ6 mas|ORMC03¼
Ơ 
ʃʎ˧̬5ɻÜ36 neighbor-joiningȕMɄ(˳ ʗǳ5̈´Ő̌à6National 
Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/) GlS
r ( 
 
2.2.9 _vˈǫ 
 NU-1ǳ5_v DNA͂3 µg̓M illumina Miseq3À 
PUrǎƂ (150 bp x 
2) 3F+.̌àȓŖ (ƎGJ( DNA rM CLC Genomics Workbench (CLC 
bio)MɄ.Ph} 
` oQ]MƎ(̈ ´ŐȄʥ£ȥ6MetaGeneAnnotator
MɄ
̈ ´Ő̷Ĳ(CDS) 5ƙĶMƎ(ĐǾ3 JCM18981ǳ
JCM7812ǳ
JCM3865
ǳ5_vˈǫMʻ+(
5̩5̌àȓŖ6PUrǎƂ (300 bp x2) /ʻ+
( 
 
2.2.10 DNA-DNAwR}lRid 
 DSMZ ƺÀ"I in silico DNA-DNA Hybridization (DDH)~] GGDC 
(http://ggdc.dsmz.de/) MɄ(GGDC 6ŕÓ̜5_v̌à/2.CãɄċʥ/
H
`oQ]5ȺƝ/C¾Ʉċʥ/IbRq3P\hf .b~5̌à
0|Of5̌àMPn~r 
DDHɗĐÈMɻÜ ( 
 
2.2.11 ̮ȌĴ̼ 
 ǻʃ¤ǿƂ̮Ȍôœh (Fig. 3) MɄ(¼Ʉǻ36]|ORq|Tq 
(3 x 4 cm) 
Ţǻ36ɑ̔ʖ (Ņ 0.30 mm
20 cm; t`) 
āȴǻ36̗/Ĺô̗ 
(Ag/AgCl) ̮ǻ (HX-R5; õǊ̮ű) M¾Ʉ 
¼Ʉǻǿ0ŢǻǿM¬ÞIRW§ƻ
ʧ36Nafion perfluorinated membrane (SIGMA-ALDRICH) MɄ(¼Ʉǻǿ36 100 
mM5¤Â̕ (FeSO4) MĔA 9KĴĭ
Ţǻǿ36̕MĔ?2 9KĴĭM&J'J
150 mLí
Ďʱǳ5Ĵ̼Ȟ 1 mLM¼Ʉǻǿ3ȡí .̮ȌĴ̼M̟Ō (¼Ʉ
ǻ̮·6odfknq (VMP-3
õǊ̮ű) MɄ. 0 V (vs. Ag/AgCl) 3ˏŖ
 (Ȥſ6 303Å*
̏ ʆ0¤̏ôȰʆMÀʍ"I(B3¼ɄǻǿMK̂Ȫʱ 
(ɱȌ/x}] (ʄͅ˽̠Ĵ̼Mʏʐ 
Ĵ̼ȞF8̮ǻ5ʱ3,.
DAPIXSqMʻ+.ʱǇMȏB(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2.2.12 ̮Ő̺Ɛ̛ˆŠ 
 ǐǥ̮Ő (ǳ) 3ōˍ 
NU-1ǳ5̮Ő̺Ɛ̛ˆŠMʻ+(Ĵ̼Ȟ5Â̕
M̦(B3
̕ 9KĴĭ/ 3ǐ̠Ĵ̼ ( NU-1ǳ5Ĵ̼ȞMZqè/I\
U̏ȩȞ0 1 : 1/Ƞď (ħŖȞ/ʱMħŖ$(5*3¡ȶ$
̔ū/`
oQ] (C5M˒ǋ0 (˒ǋ6ˤǰį̮Ő̺Ɛ̛ (SEM, JSM-7500F ǐǥ
̮Ő) MɄ.ˈǫJ
ɈÌƎGJ( 
 
 
2.3 ʌǭ 
2.3.1 NU-1ǳ5ü̬ 
 AcidithiobacillusūʈʱMȸˡɂɃ3ãɄ"IǎȕM̟ɏ"IɞɰMʻ(B3
Ȁ
Ȩǳ5 A. ferrooxidans ATCC23270ǳM ATCCXm`\dFHĆHŜ$

̕ 9KĴĭ (pH 2.0) 3.ʏ¯Ĵ̼Mʐ(&5̂ɫ/
Ǹʏ5ģǇM̑4
I0Ô3ǞŃʱ¹ŝſĻí .0M˃Ü ( (Fig. 4) Ĵ̼̟ŌGʄ 50
ģ5Ǹʏ3F+.
ǞŃʱ¹ŝſ6 61 Ç3Ļí (5ʌǭG
ʏ¯Ĵ̼
5˸/ɂ!(Ŀɍ3F+.ĻȈʥĒ (ċʥƖ
?(6 ATCC23270 ǳFHC
ĻȈʥ̿­5ʱǳ`kud (ċʥƖʟGJ( 
 &/
Ĵ̼Ȟ3ŒĬ"IʱǳMü̬"I(B3~qĴ̼Mʻ+(
ATCC23270ǳ3̤G#
=>"<.5 Acidithiobacillusū5̏̕ôʈʱ5ü̬36̕
9K PYf~qɄGJ.I (Johnson, 1995)  
ʏ¯Ĵ̼ȞM
5~q3ĸŵ (0K
2˽̠Ĵ̼ .C`tÜȾ 2+(PY
fǥǳ5ɂʣ3Ƙƈ̴/IċʥƖʟGJ(5/
ȲȄȸ/I`Rl
dX/ħô (̕ 9K dX_~qMɄ.Ĵ̼ (0K
5~7 ǐ̠/
`tÜȾ ( (Fig. 5) ƎGJ(`tMCſdX_~q3Ǹ
ʱ 
ÜȾ (`tM͇,ĆH
&J'J̕ 9KĴĭ/Ȟ¹Ĵ̼ (ʄ 2˽̠
Ĵ̼ (5*3
ƎGJ(ʱ¹G DNAMƬÜ 
16S rRNÄ´ŐǌȷM PCRĻ
Ÿ (ƎGJ( PCRɃȸ5d\UfˈǫMʻ+(0K
3,5ü̬ʱ5 PCR
Ƀȸ6ŕÓ3ʩ .(ƎGJ(d\UfMɄ.ʃʎȃ5¼ƠMʻ+(0
K (Fig. 6) 
ü̬ǳ6 ATCC23270ǳ06ʃʎɒ3ɍ2Iʱǳ/H
Ǟ˳Ǎɬɐ
̙J( A. ferriphilus (Falagán & Johnson, 2016)3˳ʗ/I0ǒG02+(
5ü̬ʱM Acidithiobacillus sp. NU-1 ǳ0đ®
ɂɀœɒȹƑ5˚ǰF8_v
ˈǫMʻ00 ( 
 
2.3.2 ĻȈǛʖ 
 NU-1 ǳ0 Acidithiobacillus ū5̏̕ôʈʱĎɬ5ĵȨǳ/I DSM14882 ǳ

JCM18981ǳ (Hedrich & Johnson, 2013)
DSM22755ǳ (Hallberg et al., 2009)
JCM7812
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ǳ3,.
̕ 9KĴĭ3IĻȈǛʖM¼Ơ ( (Fig. 7) NU-1ǳ6JG5ʱ
ǳ5/ǞC̿ĻȈʥMɣ ( (Table 2) NU-1 ǳ5ǞŃʱ¹ŝſ6 2.1 x 108 
cell/mL /H
J6 DSM14882 ǳ (5.6 x 107 cell/mL) 0Ȋ˭ .ʄ 3.6 Ç/+
( 
 
2.3.3 ǠȄȸʡƖ 
 ǠȄȸʡƖM˚ǰ"I(B
NU-1 ǳ0 DSM14882 ǳMǾ2Ȯſ5]`f 
(0~20 mM) ?(6]h (0~10 mM) Mȡí (̕ 9KĴĭ/Ĵ̼ 
ĎȮſ3
IȊĻȈ˺ſMȊ˭ ( (Fig. 8a F8 8b) &5ʌǭ
NU-1 ǳ5ĻȈ6]
`fM 10 mM
?(6]hM 5 mM°ĔAĴĭ3.ʶ ̢ŚJI
0ɣJ(Đǧ²×/6 Acidithiobacillus ū5̏̕ôʈʱ5¯ʽǳ/I
DSM14882 ǳ5ĻȈ6̢ŚJ2+(0G
NU-1 ǳ6ǠȄȸ3Ţ .̿Ɯ
ćƖMɣ"0ǒG02+( 
 
2.3.4 r|q_vˈǫ 
 NU-1ǳ5r|q_vd\Ufˈǫ3̡"IǇÈpkM Table 53?0B
(ʓˋ 34,672,023bp 5rƎGJ
JMPh} . 69 Æ5`oQ]
GǽƠJIr|q_v͂ ʓĹĵǇ 2,536,979 bp  ̓MƎ(̈ ´Ő£ȥ5ʌǭ

2,521Æ5 CDSƎGJ(?(Đǔ3
JCM18981ǳ
JCM7812ǳ
JCM3865ǳ5
r|q_vˈǫ0`oQ]¼ƠMʻ+( (Table 3) ƎGJ(`oQ]6
DNA-DNAwR}lRid3Ʉ( 
 
2.3.5 ÝŐʃʎˈǫ 
 ƎGJ(r|q_vGŕÓ̜5 16S rRNÄ´Ő
̏̕ôDɠ̀̏ô3Ɠ˂
2fmdPtD̮̿·̕RWSky\ˡ(HiPIP)5̈´Ő5̌àMƬÜ 
ÝŐ
ʃʎˈǫ3Ʉ( (Fig. 9-11) 16S rRNÄ´Ő5ʃʎˈǫ5ʌǭ (Fig. 9) 
NU-1ǳ
6 A. ferriphilus0Đ!\r3ū"0ǒG02+(A .ferriphilus6fm
dPt0 . rusBF8 HiPIP0 . iroMƱ,0ʟGJ.I  fm
dPt (Fig. 10) F8 HiPIP (Fig. 11) 5̈´Ő̌àMɄ.ʃʎȃM¼Ơ (ʌ
ǭ
NU-1 ǳ5JG̈´Ő6 A. ferriphilus 5C506ÝŐʃʎœɒ3Ńɍ2I
0ǒG02+( 
  
2.3.6 DDH 
 DDH 6͆ɬ5ɂȸ5_v̌à5ɗĐƖMŖ̓ɒ3ˑÂ"IƤȕ/H
Ɛɂȸ
5ɬMÝI̩5ƲȀ0 .ɄGJ.Iʫɒ3 DDHÈ 70%°×/J7
âɬ0JIÎǨ6ƬÜ DNA MɄ(ŗ̽3FH DDH ÈȏBGJ.(
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ǀ¼ĥ̭/×ȾƖĆH-G021G
Ǟ˳/6_v̌àMɄ( in silico 
DDHˈǫFʻLJ.I 
 NU-1 ǳ5r|q_v̌àMɄ. DDH ˈǫMʻ+(Ȋ˭Ţȴ5_v0
 .
ǥɞɰ/Ǝ( JCM18981ǳ
JCM7812ǳ
JCM3865ǳ5r|q_v̌à0
NCBI GlSr ( ATCC23270 ǳF8 SS3 ǳ5_v̌àMɄ(&
5ʌǭ
NU-1ǳ0 ATCC23270ǳ
JCM18981ǳ
SS3ǳ05 DDHÈ6 70%°×/
H
NU-1ǳ0&JG5ʱǳ06âɬ/I0ɣJ(ǎ/
JCM7812ǳ
F8 JCM3865ǳ06 70%°/H
NU-1ǳ6 A. ferriphilus3ū"ʱǳ/I0
ʟGJ( 
 
2.3.7 ̈´œɒȹƑ 
 NU-1 ǳ_v5PvodMʻ
ǥǳ5¯˝3.̑˂2̈´ŐMĐŖ
 (NU-1ǳ5_v36
ȰʆħŖʃ Calvin-Benson-Basshamʋ˨5ǽƠĤŐM`
r"Ï´Ő
ɳʆħŖʃ̡˼̈´Ő͂ nifA
nifH21 2̓1`rJ.(
JG5̈´Ő5̌à6
ȰʆħŖF8ɳʆħŖċʥ A. ferrivorans SS3ǳ5̈´
Ő̌à3̻¶ .(͂Hallberg et al., 2010; Liljeqvist et al., 2011 ̓NU-1ǳū"I]
~ IV5̈´œɒȹƑ6Ǥ)=0N1ˈǒJ.2
JCM7812ǳ6 nifHM
Ʊ+.I0ɣJ.INU-1 ǳ5_v36
̏̕ô̡˼̈´Ő0 .
fmdPt̈´ŐMĔA RusW`rJ.H
J6]~ I3˃
GJI rusAkR~5̏̕ôȄǽ3̻¶ .I (Valdés et al., 2008) ǎ
rusBk
R~5̏̕ôȄǽMƱ,]~ IV 5ʈʱ/6/6
Rus W6ɡ˖J.
2 (Amouric et al., 2011)  
 
2.3.8 ̮ȌĴ̼ 
 NU-1 ǳF8 JCM18981 ǳ5̮ȌĴ̼3IĻȈM˚ǰ"I(B
7 ǐ̠̮Ȍ
Ĵ̼Mʻ
ǞʉʱǇMȞ¹Ĵ̼5ʱǇ0Ȋ˭ ( (Fig. 12) &5ʌǭ
NU-1ǳ3
,.6
̮ ȌĴ̼3.Ȟ¹Ĵ̼5ʄ 15Ç5ʱǇ3̄"Iǎ
JCM18981ǳ3
.6Ȟ¹Ĵ̼0̮ȌĴ̼/ʱǇ3Ń2ų62+( 
 
2.3.9  ̮Ő̺Ɛ̛ˆŠ 
 NU-1 ǳMˤǰį̮Ő̺Ɛ̛ (SEM) MɄ.ˆŠ ( (Fig. 13) NU-1 ǳ6ŹĮ
bRg 1.7 x 0.6 (0.23 x 0.04) m5Ƿʱ/+( 
 
 
2.4 ʟŠ 
 ǥɵ3ˎ (ɞɰ/6
ATCC23270 ǳ5Ĵ̼ȞGü̬J(ǍŇ̏̕ôʈʱ/
 23 
I NU-1ǳ5ɂɀœɒȹƑ5˚ǰF8_vˈǫMʻ+(Acidithiobacillus6Ċ
GFɜGJ(ʈʱ/I
­5ū3Ȋ<.Ǐ3ü̬J.Iʱǳ5ŁǾƖ
  F3ƕIǎ
̂Ā5ɞɰ3. (Amouric et al., 2011)
üʱ)0
ʟGJ.( A. ferrooxidans JCM7811ǳ5Ĵ̼ȞGɍ2I]~3ū"ˁǇ5
ǳ (JCM7811-P1
JCM7811-P4) Mü̬ .H
ü̬0ʅô̭ 0ɣĞJ
.Iǥɞɰ/CǍŇ̉̕Îʱ NU-1ǳMü̬ (
&5ü̬ȧ6 ATCCGĆ
HŜ$( ATCC23270ǳ5Ĵ̼Ȟ/+(ü̬ (ǳ6­5 Acidithiobacillusū̏̕
ôʈʱ0ĐǾ3Ŋ̏Ɩ/H
ŗ̽ŘɁĺ3ɂƗ .IC506ʟGJ2?
(
ɂɀœɒƖˡD_v̌à ATCC23270 ǳ06Ńɍ2I(B
Ĵ̼3ɲ
ȳĿɍ3F+.˗ɂ (ʱǳ0CʟGJ2F+. NU-1ǳ6
ATCC23270ǳM
ATCCGˢÒ (ǔȱ/ÅŒĴ̼Ȟ3ȠÒ .(C50ʟGJI 
 Acidithiobacillusū̏̕ôʈʱ5ʅôĥ̭2ÿĤ5,0 .
~qĴ̼̭
 ȱGJI̂Ā5ɞɰ3.C
~q5ĴĭʊƠDħôè5ǹˌ
ʻLJ(¿I
ɞɰʠ03ɍ2IʱǳMɄ.I21
&5ɜ˃6Ŗ 
.2Ł5ķď
Acidithiobacillusū̏̕ôʈʱ6̬̀ǠȄȸM̿Ȯſ/ĔAş
ńĴĭ3`tMƇƠ/2(B
̿ ʅſPYfM~qĴĭ5ħô3
¾Ʉ"I0ƹŉJ.IG3 NU-1ǳ5ķď
şń3íPYf/ħ
B(Ĵĭ/C`tƇƠ/#
ȲȄȸ5`RldXM¾Ʉ"I0
Ɠ˂/+( (Fig. 5)J6
NU-1 ǳ­5 Acidithiobacillus ū̏̕ôʈʱ0Ȋ<
.CǠȄȸʡƖ¸0Mɣ .H
ŗ̩3 Fig. 8 3ɣ (ŗ̽/6
NU-1 ǳ
6 DSM14882ǳFHC]`fF8]h;5ʡƖ¸+(NU-1ǳM
ĔB
ǥūʈʱ5ǠȄȸʡƖ¸˂Ĥ5˔ʈ6Ǥ)3ǒ2ȱŁJG5ʌ
ǭ6Ɂĺ36ǠȄȸʡƖ¸(B3ü̬J.2 Acidithiobacillus ū̏̕ô
ʈʱǤ)3ŒĬ"IċʥƖMɣĞ .Iǎ
NU-1 ǳ`RldXM
Ʉ.ħô (̕ 9K ~q/`tMƇƠ (06 (Fig. 5)
dX_
~qMɄJ7ɁĺGǠȄȸʡƖ¸Ǥɜ5 Acidithiobacillus ūʈʱǍM
ü̬/IċʥƖMɣĞ .I 
 °ç5ɞɰ3.
Acidithiobacillusū̏̕ôʈʱ6 16S rRNÄ´Ő5̌à3ĵ
-. I~IV 5 4 ,5]~3Ý̻J.H (Amouric et al., 2011)
&J'J A. 
ferrooxidans]~ I
A. ferridurans ]~ II
A. ferrivorans ]~ III

A. ferriphilus ]~ IV02+.I?(
AmouricG (2011)  6
5]
~Ý0̏̕ôȄǽ5̅05̡˼Ɩ3,.ĶĖ .IAcidithiobacillus /6
rusA?(6 rusB̡"I 2ɬ̻5̏̕ôȄǽƺǶJ.I (Sasaki et al., 2003; 
Amouric et al., 2011) A. ferriphilusMĔA]~ IV6fmdPt0 . rusB

HiPIP 0 . iro MƱ+.H
rusB kR~5̏̕ôȄǽMǠ"I0ʟGJ.I

&5˔ʈ2ÝŐȄǽ6ǒ/IÝŐʃʎˈǫD DDH 5ʌǭ
NU-1 ǳ6
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Acidithiobacillus ū̏̕ôʈʱ5]~ IV 3ū .H
A. ferriphilus 3˳ʗ2ʱ
ǳ/I0ɣJ( (Fig. 9) ǎ
NU-1ǳ6 pH 2.05̕ 9KĴĭ3.˳ʗǳ
FH̿ĻȈʥMɣ  (Fig. 7)
ǞŃʱ¹ŝſ6 DSM14882ǳ (=ATCC23270ǳ) 5ʄ
3.6 Ç
Đ!]~ IV 5 JCM7812 ǳ5ʄ 4.5 Ç/+(NU-1 ǳ5_v36
rusA kR~5̏̕ôky\ˡM`r"I Rus WŒĬ"I0G
ǥ
ǳ5̏̕ôȄǽ6 rusA kR~3˳0ʟGJI  
ÝŐʃʎˈǫ5ʌǭ

NU-1ǳ5fmdPt0 HiPIP̈´Ő6 rusAF8 hip0C3 A. ferriphilus5C
506ɍ2I\r3·ʝ .( (Fig. 10F8 Fig. 11)JG5ʌǭ6
NU-
1 ǳǏɜ5 Acidithiobacillus ū5̏̕ôʈʱ515ǳ0Cɍ2Iȹȇ2̏̕ôȄǽ
MƱ+.IċʥƖMɣĞ .I 
 NU-1ǳ5̮ȌĴ̼Mʻ+(ʌǭ
Ǟʉʱ¹ŝſ 3.4 x 109 cell/mL3ǟ 
Ȟ¹
Ĵ̼5 15Ç5ʱ¹̓ƎGJ( (Fig. 12) ̮ Ȍôœh5̮ǻǦǋDȞ¹Ĵĭ5̕
Ȯſ5Ǟ̇ôMʻ7
G3Ł5ʱ¹̓ƎGJIċʥƖCIǎ
Ȋ˭5
(B5Ʉ( JCM18981ǳ6
Ĵ̼Ȟ5Ŀʭ6˃GJ(C55
Ȟ¹Ĵ̼0̮ȌĴ̼
3IĴ̼ƌ5ʱǇ3Ŀô6˃GJ2+(J6
Đ! RusAMƱ,ʱ/H
2G
]~ I0 II5̠/̏̕ôȄǽɍ2+.IċʥƖMɣ .H
ªƌ
G2I˚ǰMʻ<ȱ/IǞ˳5ɞɰ/6
DSM14882ǳ3.Ŗ̮·Ĵ
̼5̮ǻGɖƸɒ3̮ŐMĆH˲N/ɂʣ"I0ĶĖJ
&JG6̏̕ôʋ
˨M« .̮Ő´̄JI0ƹŖJ(  (Ishii et al., 2015)50G

Acidithiobacillus3Ȉ̕ôȄǽ5ŁǾƖ5ˈǒ6
ǥūMɄ( MES5̟ɏ3
.C̑˂0ƕLJI 
 ǥɵ/ɣ ( NU-1 ǳ5ȹƑM˳ʗǳ0Ȋ˭ 
Table 43?0B.ɣ (ªģ

ǍŇ̏̕ôʈʱ/I NU-1ǳ5ˈǫM˹!.
Ɂĺ36ǠȄȸʡƖ¸
Ļ
Ȉʥ̿ AcidithiobacillusŒĬ"IċʥƖɣĞJ(G3
J?/3ɜG
J.2̏̕ôȄǽ5ŒĬCɣĞJ(JG5ʌǭ6
Acidithiobacillus5ɂŒ
ƢɋD̏̕ôȄǽ5ŁǾƖMɀˈ"I(B3̑˂0ʟGJI 
ǥɞɰ3.6
ǍŇ̏̕ôʈʱ5ˈǫM˹ .
FHŁǾ2 Acidithiobacillusū
̏̕ôʈʱM~qĴ̼"IǎȕMɡɴ"I0/(?(
&JG5ɂɀœ
ɒȹƑD_vMˈǫ"I(B5ĵɢɒ2ƤȕMɡɴ/(JG5Ʀʼ6
Ɂĺ
5Ǥɜ̏̕ôʈʱMü̬
ˈǫ"I̩3ǠɄ/H
ªƌ5̏̕ôʈʱ5ŁǾƖ5
ɞɰ3ƔɄ/IC5/I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Ħʽ 
 
 Table 1. ǥɞɰ3Ʉ(ʱǳ 
 
 
 
 
 
 
  
Strain Origin Source or reference
Acidithiobacillus sp.
NU-1 ATCC23270T culture This study
BRGM1 Sulfide ore mine, South Africa Liu et al. (2000)
CC1 Acid mine drainage, Carnoule`s, France Duquesne et al. (2003)
JCM3865 Acid mine water, Shimokawa, Japan Japan Collection of Microorganisms
(Takamori et al., 1983)
A. ferrooxidans
ATCC23270T Acid bituminous coal mine effluent, USA American Type Culture Collection
DSM14882T DSMZ
(Leathen & Braley, 1954)
ATCC19859 Acid copper mine leaching water, Canada Razzell & Trusell, 1963
A. ferridurans
ATCC33020T (= JCM18981T) Uranium mine, Japan Japan Collection of Microorganisms
(Tomizuka et al., 1976)
A.ferrivorans
NO-37T (= DSM22755T) Copper mine spoil drainage, Norway DSMZ
(Hallberg et al. 2010)
SS3 Norilsk mining area, Russia Kupka et al. (2007)
CF27 Abandoned copper/cobalt mine drainage, ID, 
USA
Hallberg et al. (2010)
A. ferriphilus
M20T Galway's soufriere, Montserrat Falagán and Johnson (2015)
JCM7812 Matsuo sulfur and iron sulfide mine, Japan Japan Collection of Microorganisms
(Wakao et al., 1991)
A. caldus
DSM8584T Coal-rich samples, Kingsbury, UK Marsh & Norris (1983)
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 Table 2. ȊĻȈ˺ſ (h-1) 5Ȋ˭ 
 
 
  
Strain
NU-1 DSM14882 JCM18981 DSM22755 JCM7812
1 2.1400 0.6266 0.5952 0.0312 0.2816
2 2.2280 0.5197 0.7977 0.0205 0.3138
3 2.5320 0.5030 0.7471 0.0283 0.4037
Average 2.3000 0.5498 0.7133 0.0267 0.3330
Error 0.2057 0.0671 0.1054 0.0056 0.0633
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Table 3. NU-1ǳF8˳ʗɬ5r|q_v3̡"IǇÈpk  
 
  NU-1 JCM7812 JCM3865 JCM18981 
Minimum (bp) 1136 1136 1011 1125 
Maximum (bp) 284947 461345 276940 342891 
Average (bp) 36768 87478 26100 49798 
No. of contigs 69 26 130 58 
Total (bp) 2536979 2274416 3392958 2888301 
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 Table 4. NU-1ǳF8ĵȨǳ5ɂɀœɒȹƑ5?0B 
 
1 Tuovinen and Kelly, 1974 
2 Hedrich and Johnson, 2013 
3 Hallberg et al., 2010 
4 Falagan and Johnson, 2015 
*DDH36 SS3ǳ5_vM¾Ʉ (4.3.4) 
  
Strain
Acidithiobacillus sp. 
NU-1
A. ferrooxidans
DSM14882T
A. ferridurans
JCM18981T
A. ferrivorans
DSM22755T
A. ferriphilus
JCM7812
Group IV I II III IV
Optimum pH 2.0 2.01 2.02 2.53 2.04
Optimum temp 30 301 302 303 304
Maximum cell density 
(pH2.0, Fe9K) 2.1 x 10
8 cell/mL 5.6 x 107 cell/mL 1.0 x 108 cell/mL 3.1 x 106 cell/mL 4.7 x 107 cell/mL
Colony formation
on agarose plate - + +
Colony formation
on silica gel plate + + +
Rusticyanin rusA ? rusA rusA rusB rusB
HiPIP hip ? hip hip iro iro
DDH value 29% 28.9% 51.2% * 94.3%
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Fig. 1 ̏̕ôʈʱ5ĻȈ3µ̕ 9KĴĭ5ʭ5Ŀô̕ 9KĴĭ6¤Â̕M 100 mM
ĔN/H
̏̕ôʈʱ5ĻȈ3F+.Ĵĭ5¤Â̕Â̕3̏ôJI0
Ĵ
̼Ȟ5ʭ6˷ǒ(Ų) Gˣʰʭ(č) 3Ŀô"I̏̕ô3µȭſĿôMĻȈ5Ʋ
Ȁ0(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Fig. 2 DAPIǯʭ ( NU-1ǳ5ʺÑ̺Ɛ̛Øɚ͂1000Ç ̓ 
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Fig. 3̮ȌĴ̼ʿʝ5ȁƂĦ̮ȌĴ̼6ǻʃ/ʻ
¼Ʉǻ (WE) 36]|O
Rq|Tq (3 x 4 cm) 
Ţǻ (CE) 36ɑ̔ʖ (20 cm) 
āȴǻ (RE) 36̗/Ĺ
ô̗̮ǻMɄ(?(
RW§ƻʧ/¬ÞGJ(¤ǿƂ5̮ȌôœhMɄ

¼ɄǻÉ͂Ĵ̼ǿ  ̓36̕MĔA 9KĴĭ
ŢǻÉ36̕MĔ?2 9KĴĭM&J
'J 150 mLí(?(Ĵ̼ǿ36̏ʆ0¤̏ôȰʆMÀʍ"I(B3ɱȌx}
]Mʻ+( 
 
  


CEWE
	

RE
+
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 Fig. 4 ATCCGĆHŜ$( ATCC23270ǳ5ʏ¯Ĵ̼3IĻȈ5Ŀôáģ5
Ȟ¹Ĵ̼ (□)
40ģ5Ǹʏ (▲) F8 50ģǸʏ (ǔ (	) 5ĻȈǛʖM
ɣ"Ĵĭ6̕ 9KĴĭ (pH 2.0) MɄ(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 Fig. 5 NU-1ǳ5~qĴ̼NU-1ǳM̕ 9KPYf~q (a) F8̕
9KdX_~q (b) /Ĵ̼ (C5PYf~q/6 2˽̠Ĵ̼ 
.C`tƎGJ2+(dX_~q36 5~7ǐ̠/`tÜȾ
 ( 
 
 
 
  
 
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Fig. 6 Acidithiobacillus ū̏̕ôʈʱ5ĵȨǳ0ü̬ǳ͂NU-1 ǳ̓5̡ÃMɣ" 16S 
rRNA ̈´ŐMɄ(ÝŐʃʎȃPCR Ƀȸ5d\UfʌǭMĵ3
neighbor-
joiningȕMɄ.ʃʎȃM¼Ơ ( 
 
  
 A.ferrooxidans ATCC23270 (218665024)
 A.ferridurans ATCC33020 (NR_108138)
 A.ferrivorans NO-37 (AF376020)
 A.ferriphilus M20 (KR905751)
 Acidithiobacillus sp. NU-1
 A.caldus DSM8584 (Z29975)
7 1
9 8
8 6
0.005
 fe r oxidans ATCC 3270 (NC_011761)
A. ferridurans J M18981 (NR_108138)
A. ferrivorans DSM22 55 (AF376020)
A. ferriphilus M20 (KR905751)
Acidithiobacillus sp. NU-1 (LC115032 )
A. caldus DSM8584 (Z29975)
 35 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 7 NU-1 ǳF8ĵȨǳ5ĻȈǛʖNU-1 ǳ
DSM14882 ǳ
JCM18981 ǳ

DSM22755ǳ
JCM7812ǳ3,.
̕ 9KĴĭ3IĻȈǛʖM¼Ơ (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 Fig. 8 NU-1ǳ0 DSM14882ǳ5ǠȄȸʡƖ5Ȋ˭̕ 9KĴĭ3]`f (a) ?
(6]h (b) MĦ3ɣ (Ȯſ/ȡí .Ȟ¹Ĵ̼Mʻ+(ʘ˫6ɗŢɒ
2ȊĻȈ˺ſMɣ .H
ǠȄȸMȡí .2`q5ÈM 1.00 .
IȂ˫6&J'J5ǠȄȸMĴĭ3ȡí (ȮſMɣ .I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Fig. 9 Ó̜5 16S rRNÄ´ŐMɄ(ÝŐʃʎˈǫNU-1ǳ5r|q_vG
ƎGJ(ŕÓ̜5 16S rRNA MɄ.
ÝŐʃʎˈǫMʻ+(ʃʎȃ6 neighbor-
joiningȕMɄ.¼Ơ (Acidithiobacillusū5̏̕ôʈʱ6͈,5]~3Ý
GJ
NU-1ǳ6]~ IV3ū .( 
 
  
 A.ferrooxidans ATCC23270 (218665024)
 A.ferrooxidans ATCC19859 (AJ457808)
 A.ferrooxidans BRGM1 (AJ457806)
 A.ferridurans ATCC33020 (NR_108138)
 A.ferrooxidans CC1 (AJ457804)
 A.ferrivorans NO-37 (AF376020)
 A.ferrivorans CF27 (EU839489)
 A.ferrivorans SS3 (344198243)
 Acidithiobacillus sp. NU-1
 A.ferrooxidans JCM7812 (FN686782)
 A.ferriphilus M20 (KR905751)
 A.caldus DSM8584 (Z29975)
100
4 6
100
7 4
100
5 6
8 0
8 1
9 6
0.005
Group IV
Group III
Group II
Group I
A. ferrivorans DSM22755 (AF376020)
A. ferrivorans CF27 (EU83 489)
A. ferrivorans SS3 (NC_015942)
A. ferriphilu 7812 (FN686782)
A. ferriphilus M20 (KR905751)
Acidithiobacillus sp. NU-1 (LC115032)
A. ferrooxidans ATCC23270 (NC_011761)
A. ferrooxidans ATCC19859 (AJ457808)
Acidithiobacillus sp.BRGM1 (AJ457806)
A. ferridurans J M18981 (NR_108138)
Acidithiobacillus sp. CC1 (AJ457804)
A. caldus DSM8584 (Z29975)
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 Fig. 10 fmdPt̈´ŐMɄ(ÝŐʃʎˈǫNU-1ǳ5r|q_vG
ƎGJ(fmdPt̈´Ő5̌àMɄ.
ÝŐʃʎˈǫMʻ+(ʃʎȃ6
neighbor-joiningȕMɄ.¼Ơ ( 
 
  
 A.ferrooxidans BRGM1 (FN688760)
 A.ferridurans ATCC33020
 A.ferrooxidans CC1 (FN688759)
 A.ferrooxidans ATCC19859 (FN688754)
 A.ferrooxidans ATCC23270 (NC_011761)
 Acidithiobacillus sp. NU-1
 A.ferrivorans NO-37 rusB (FJ467344)
 A.ferrivorans SS3 rus(Acife_1718)
 A.ferrooxidans JCM3865 (AB094632)
 A.ferrooxidans JCM7812 (FN688763)
100
9 9
100
100
100
9 9
9 5
0.05
rusA
rusB
A. ferrivorans DSM22755 (FJ467344)
A. ferrivorans SS3 (NC_015942)
A. ferriphilus J  ( 8763)
Acidithiobacillus sp. JCM3865 (AB094632)
Acidithiobacillus sp. NU-1 (LC115033)
A. ferrooxidans ATCC 3270 (NC_011761)
A. ferrooxidans AT C19859 (FN688754)
Acidithiob cillus sp.BRGM1 (FN688760)
A. ferridurans J M18981 (AJ006456)
Acidithiobacillus sp.CC1 (FN688759)
II
I
III
IV
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Fig. 11 HiPIP ̈´ŐMɄ(ÝŐʃʎˈǫNU-1 ǳ5r|q_vˈǫGƎG
J( HiPIP̈´Ő5̌àMɄ.
ÝŐʃʎˈǫMʻ+(ʃʎȃ6 neighbor-joining
ȕMɄ.¼Ơ ( 
 
  
 ATCC23270T (AFE_2732)
 ATCC19859 (AJ621387)
 ATCC33020T (AJ320262)
 BRGM1 (AJ621388)
 NU-1
 DSM22755T (FN688778)
 CF27 (FN688779)
 JCM3865 (FN688775)
 JCM7812 (FN688774)
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9 9
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Acidithiobacillus sp. NU-1 (LC115034)
A. ferrooxidans ATCC23270 (NC_011761)
A. ferrooxidans ATCC19859 (AJ621387)
Acidithiobacillus sp.BRGM1 (AJ621388)
A. ferridurans JCM18981 (AJ320262)
I
II
III
IV
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 Fig. 12 ̮ȌĴ̼3IǞʉʱ¹ŝſ5Ȋ˭NU-1ǳF8 JCM18981ǳ3,
.̮ȌĴ̼Mʻ
Ȟ¹Ĵ̼͂batch̓0̮ȌĴ̼͂electric̓5ǞʉʱǇMȊ˭ (
Ĵĭ6̕ 9KĴĭMɄ
̮ȌĴ̼3I¼Ʉǻ̮·6 0V͂vs. Ag/AgCl̓0 (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Fig. 13 NU-1ǳ5ˤǰį̮Ő̺Ɛ̛5ɈÌNU-1ǳ5ˤǰį̮Ő̺Ɛ̛͂SEM̓5ˆ
ŠɈÌÇȽ6 15000Ç/Iʱ6̕ 9KĴĭ/ɂʣ$(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ɸ͇ɵ ȍɅɏ̮3I̮ǻbRg5ǹˌ 
 
3.1 ʕˊ 
 J?/5ɞɰ3.
ȍɅɏ̮͂ rice paddy-field MFC, RPF-MFC 5̓ÜëMĒ
$I(B3
̮ ǻ5ʆǦDȟſ21ǹˌJ.(ǎ
̡ "Iɏ̮ʱ͂ EAB̓
3̡ .6ǒ2ȱŁȍɅɏ̮3̡LIɏ̮ʱMĐŖ"I36
Pvr(
H5̮țŝſMǑ$
ɏ̮ʱM̿ſ3̪ɮ$IƓ˂I0ʟGJ(&
/ǥɞɰ/6
ȍɅɏ̮5̮ǻ5bRgMǹˌ 
̮ëŝſ5ĒMɕƲ ( 
 
3.2  Ǧǋ0ǎȕ 
3.2.1 ȍɅɏ̮5ŗ̽ǧ² 
 ùʵə̒ɅŴ5ȑŰĭö5ȍɅ͂ǳƂ³ɥ̒ɅʨȳÔɂ|O̓3.
ȍɅ
ɏ̮ŗ̽Mʻ+(ĵǥɒ2ǽ˻6ǉȼ (Kouzuma et al., 2013)3ƍ+(͂ɸͅɵ Fig. 
4āȴ ̓PvrF8Xjr36]|ORq|Tq͂ GF-80-5F
ʑďX
̓MɄ
&J'J5ƨƈ̳ɮM Table 1 5͈ǧ²͂SE, small electrode; LE, large 
electrode; AL. anode limited; CL, cathode limited 3̓ˏŖ (̮ ǻ60C3ÖƇ/H

ɚN3ɖƉ 10 cm5ɯM̟
&3ɭMǸ(Xjr36
nafionMxR
l0 . 0.1 mg/cm25ɑ̔ˉŎ͂TEC10E20A
Ʌ˞̔ū̓Mĸŵ (̮ǻMʾ
ǡ̘ʖ/,2
̠3ŀ̋ƫƩ͂1000̓Mˏʝ (ŀ̋ƫƩ5ɶ5̮īMp
kY͂HA-1510, Graphtec̓/ȥŖ 
PC3ˎ̙ (ɭ36 Oryza sativa L. cv. 
KoshihikariMɄ
,5̮ǻ(HǇǥ5ʯMǸ.Iˏʝ (ȍɅɏ̮5Ø
ɚM Fig. 13ɣ" 
 
3.2.2 ̮ȌôœÝǫ 
 odfknq͂HSV-100
õǊ̮ű̓MɄ.ÝǻˈǫMʻ
ÝǻǛʖ
͂current vs. voltage̓0̮ëǛʖ͂current vs. power̓M¼Ơ (̮ëǛʖGǞŃÜ
ëÈ͂Ǜʖ5{\
Pmax [mW]̓MȓŖ  (Logan et al., 2006)
&5ÈGPvr
?(6Xjr5ƨƈ̳ɮ(H5ǞŃÜëŝſ͂Qmax [mWm-2]̓Mˋɻ (tǹ
Ŗ3FHpk5ʎˋɒˈǫMʻ+(͂P < 0.05 ̓ 
 
3.2.3 16S rRNA3ĵ-ʱĈˈǫ 
 ̟ŌG 93ǐɕ3b~] (ȍɅĪĽ͂ 0.5 g ă̓8Pvrȷ͂ 0.5 x 0.5 cm̓
G DNAMƬÜ (Pvrb~3,.6
ʽ̳Mˬȍș .»Ý2
ȖMʴ0 
̮ ǻ®ɛʱG DNAMƬÜ (Fast DNA SPIN Kit for Soil͂ Funakoshi̓
M˘ǒǜ˹H3Ʉ
ƎGJ( DNAMǞʉɒ3 50 µL5 DESȩȞ3ȩˈ (16S 
rRNA5 PCRĻŸ36
~Rad-tag-8Fă8 ad-533RMɄ( (Kouzuma et al., 
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2013)?(
PCRɃȸ5ʂˀ36 QIA quick PCR purification kit͂Qiagen̓MɄ(
ʂˀ (Ď PCRɃȸM&J'J5 DNAȮſ 1 ng/µL02IF3Ƞď 
Genome 
Sequencer FLX system͂Roche Applied Science̓MɄ.d\Ufˈǫ (ÝŐ
ʃʎˈǫ36 Silva rRNA database͂ http://www.arb-silva.de/ M̓Ʉ
ʃʎȃ¼Ơ6ɸ͆
ɵ͂ 2.2.8 0̓ĐǾ5ǎȕ/ʻ+(ƎGJ( DNǍà6
DDBJ Sequence Read Archive 
Database3ɐ̙ (͂accession number: DRA004371 ̓ 
 
3.2.4 ȍɅɏ̮3̡"Iɏ̮ʱ5ü̬ 
 ̏ô͂̕ Fe2O3 M̓ĵˡ0"IȞ¹ĴĭF8~qĴĭM¼Ơ (ĴĭʊƠM
Table 2 3ɣ (Ȟ¹ĴĭMK̂Ȫʱ 
̏ô̕6Wq\} (ƌ3Ƞď 
(Ȫʱ (ueĉ˒̽ɼ3Ȟ¹ĴĭM 10 mLí
ȍɅŗ̽ƌ5PvrȷMÒJ
(&5ƌ
ɳʆx}]M 5Ýʻ
305RZkÕ/ƴ0Ĵ̼ 
( 
 ˎȞ¹Ĵĭ 150 mL3PYf(Agarose L03 kXxRW)M 2.25 gí
ƿƭ
ƌ3Wq\} (121
20Ý)  (ʄ 60®˳?/Ù? 
10Ǭ5d
3ȗ/~qĴĭM¼Ơ (ŏȌmxÕ/
~q3ʱȞM 100 µLĸ
ŵ (&5ƌ
PuySm^Z͂ ʳYfôœ 3̓J.ŏȌǧ²MʒƱ 

305RZk/Ĵ̼ ( 
 
 
3.3 ʌǭ 
3.3.1 ɍ2I̮ǻbRg3I̮ëŝſ5Ȋ˭ 
 ɍ2I̮ǻbRg͂Table 1̓5 RPF-MFCḾ˪ 
PvrF8Xjr5̮
ǻbRg̮ëŝſ315F3ƈ̴"IM˚ǰ (ɅǸ0Đǔ3̮īȥŖM
̟Ō 
ɭßHǔ3ʉ¢ (́ ˪3̇ǔÝǻˈǫMʻ
Üë5ĿôM˚ǰ (
́˪̟Ōƌ 20ǐɕ0 93ǐɕ5 PmaxF8 QmaxM Fig. 23ɣ"LE6 SEFHCŃ
2ÜëMɣ (͂Fig. 2a 
̮̓ëŝſ5È6 SE 5ǎ LE FHC̿+(͂Fig. 
2b
2c ̓?(
SE0 LE5 Pmax5È6́˪ǣ̠3FHƈ̴Mć2+(͂ Fig. 2a ̓
ǎ/
ALF8 CL5 Pmax6́˪ǣ̠5ƈ̴Mć
́˪̟ŌG 93ǐɕ5 AL
5 Pmax6 20ǐɕ5ÈFHC̿
CL6&5˶5ËĒMɣ (JG5ʌǭ6
́
˪Mʏʐ"I0PvrƖʥ6Ē"I
˶ 3XjrƖʥ6¸×"I0Mɣ 
.ISED LE3.́˪ǣ̠3FHÜëĿô 2+(56
ǔ̠00C3
PvrƋ˺GXjrƋ˺3ƹɪ ((B0ʟGJI?(
́ ˪̟ŌG 93
ǐɕ5 AL3.ǞC̿ Qmax͂ ʄ 140mWm-2̓ˆȥJ(͂Fig. 2b ̓5È
6
J?/3ȍɅɏ̮3.ĶĖJ(Pvr5ƨƈ̳ɮ(H5È5/ 
(Kouzuma et al., 2014)
ǞC̿È/IJG5ʌǭ6
XjrMŃ"I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0/Pvr3 EABM̪ɮ/I0Mɣ .I 
 
3.3.2 ʱĈˈǫ 
 °ç5ɞɰ3.
ȍɅɏ̮3.6 Geobacter3ū"Iɏ̮ʱ3ɏ̮3
̡ .I0ɣĞJ.I (Kouzuma et al., 2013)5ʌǭMāʟ3
ǥɞ
ɰ3.C GeobacterPvr3̪ɮJ.I1M˚<I(B3
Pv
rF8ȍɅĪĽG PCRĻŸJ( 16S rRNÄ´Ő5ÝŐʃʎˈǫMʻ+(
Fig. 36
ȍɅĪĽF8 AL
CL5PvrʱĈ3I Family5ÝŐʃʎ
ˈǫ5ʌǭMɣ .IGeobacterū"I Geobacteraceae6
ȍɅĪĽ/6 0.1%
ǤȦ/I3CLG#
PvrʱĈ/6̺ʶ3Ļí .I0ǒG02
+(G3
PvrŃ CL͂1.8́̓FHCPvr5ŧ AL͂2.4́̓
5ǎ Geobacteraceae 5ŒĬȊȽ̿0ǒG02+(JG5ʌǭG

Üëŝſ5̿ AL5Pvr36ɏ̮ʱFH̿ſ3̪ɮJI0ɡ˖J
(G3
ǥˈǫ/ƎGJ( Geobacter5̌àM˔ʈ3ˈǫ (0K
ALF8
CLGƎGJ(˂2̌à6
G. pelophilus (Straub & Buchholz-cleven, 2016)F8 G. 
psychrophilus (Nevin et al., 2005)0˳ʗ2C5/I0ǒG32+(͂Fig. 4 ̓ 
 
3.3.3 ȍɅɏ̮3ɆǨ"Iɏ̮ʱ5ü̬ 
 ɏ̮ʱMü̬"I(B
ȍɅɏ̮3¾Ʉ (PvrȷMĴĭ3ƨÒ .®ɛƐɂ
ȸMFƟȭ (ƌ
Ȟ¹ĴĭF8~qĴĭ3Ǹʱ (ŏȌɒ3Ĵ̼Mʻ+
(ʌǭ
Ȟ¹Ĵ̼3.ʱ5ɂʣ˃GJ(
~q3`t6ƇƠJ
2+(?(
Ȟ¹Ĵ̼ȸM~q3Ǹʱ .C`tMƎI06/2
+(&5ƌCŶ̐ÇȽMĿ2GĴ̼Mʏʐ (
` t6ƎGJ2+(
Ȟ¹Ĵ̼/˃GJ(ʱɏ̮ʱ16ǒ/I 
 
 
3.4 ʟŠ 
 ȍɅɏ̮/6
ɭÑďƠɆǨ5ǠȄôďȸMǵGǵĩ3ǅÜ 
&JGMĪĽ
3İBGJ(Pvr®˳/ɏ̮ʱ̏ôÝˈ 
ǅÜJ(̮ŐMģą"I0
3FHɏ̮"I (Kaku et al., 2008)J?/3ȍɅɏ̮5̮ëŝſMĒ$I(B
3
̮ǻʆǦDİBIȟ21ǹˌJ.( (Kouzuma et al., 2014)
­3CÜ
ë3ƈ̴MI˂ĤIċʥƖCʟGJ(?(
°ç5ɞɰ6
ȍɅɏ̮3
.6 Geobacter 3ū"ɏ̮ʱ3ɏ̮3̡"I0MɣĞ .I 
(Kouzuma et al., 2013)G3JG5ɞɰ/6
k_vˈǫ3ĵ-ˈǫG

G. pelophilusF8 G. psychrophilus3˳ʗ2ʈʱɏ̮3̡ .I0Mɣ ( 
(Kouzuma et al., 2013)  
ɏ̮ʱ5ü̬3FɄGJȈô̕MĔN)~
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q3FIĴ̼/6
JGɏ̮ʱü̬/.2ǥɞɰ/6
ɏ̮ʱMü̬"
I(B36
Pvr(H5̮țŝſMǑ$
ɏ̮ʱMG3̿ſ3̪ɮ"I
Ɠ˂I0ʟ(&/
ȍɅɏ̮3ɄI̮ǻ5bRgMǹˌ 
̮ëŝſ5
ĒMɕƲ ( 
 PvrF8Xjr5̮ǻbRg͂Table 1̓̮ëŝſ315F3ƈ̴"I
M˚ǰ (0K
LE 6 SE FHCŃ2ÜëMɣ (͂Fig. 2a 
̮̓ëŝſ5
È6 SE5ǎ LEFHC̿+(͂Fig. 2b
2c ̓J6 LE/6ɭ5ǵGȸɀɒ
3̬J. ?(B3
̮ ǻ5ɶ5ǎ?/ǠȄȸ5Àʍ2J203˥Ĥ"I
0ʟGJI?(
SE0 LE5 Pmax5È6́˪ǣ̠3ƈ̴Mć2+(͂Fig. 
2a 
̓ALF8 CL5 Pmax6́˪ǣ̠3ƈ̴Mć(SEF8 LE3.6
P
vrƖʥ5Ē0XjrƖʥ5îôɗíɒ3¼Ʉ 
ʌǭ0 .ŔŖɒ2 Pmax
Mɣ (0ʟGJIǎ
́˪ǐǇʋ̂"I0/ AL 5 Pmax6Ǒ 
CL
5È6˶3ȢŨ (JG5ʌǭ6
́˪Mʏʐ"I3,J.PvrƖʥĒ
 
˶3XjrƖʥ¸×"I0Mɣ .I́˪̟ŌG 93 ǐɕ5 AL 3
.ǞC̿ Qmax͂ ʄ 140mWm-2̓ˆȥJ(͂Fig. 2b 
̓5È6J?/
3ȍɅɏ̮3.ĶĖJ(È͂Pvr5ƨƈ̳ɮ(H̓5/ǞC̿C5
/+(5ʌǭ6
ȍɅɏ̮3.ɏ̮ʱ5ʥëMøÝ3ƃÜ"(B36

XjrMǃĢ"IƓ˂I0Mɣ .I 
 ǥɞɰ3.C GeobacterPvr3̪ɮJ(M˚<I(B3
Pvr
F8ȍɅĪĽGƬÜ ( DNA MɄ. 16S rRNA ̈´Ő5ÝŐʃʎˈǫMʻ+
(͂Fig. 3 ̓&5ʌǭ
Geobacterū"I Geobacteraceae6ȍɅĪĽ/6 0.1%Ǥ
Ȧ3CLG#
PvrʱĈ/6Ǉ́3̄"I0ǒG02+(G3

CL͂ 1.8́̓FHC AL͂ 2.4́̓5ǎ Geobacteraceae5ŒĬȊȽ̿+(5ʌ
ǭ6
AL 3IÜëŝſ5Ǒ3µ
Pvr3ɏ̮ʱMFH̿ſ3̪ɮ/
I0Mɣ .I?(
ǥˈǫ/ƎGJ( Geobacter5̌àM˔ʈ3ˈǫ (
0K
ALF8 CLGƎGJ(˂2̌à6
G. pelophilus (Straub & Buchholz-
cleven, 2016) F8 G. psychrophilus (Nevin et al., 2005)0˳ʗ2ɬ/I0ǒG
32+(͂Fig. 4 ̓JG5ʌǭ6
G. pelophilusF8 G. psychrophilus3˳ʗ2ʈ
ʱȍɅ3Iɏ̮3̡"I0ʟ(Kouzuma et al., 2013) MǂƱ .I
JG5ɏ̮ʱ6Ǎɬ5 Geobacter/IċʥƖCH
ɂɀœɒȹƑ3CʪĘƱ
(J(  
&5ƌ5Ȟ¹F8~qĴ̼3.
JGɏ̮ʱ5ü̬6
/2+(Geobacter 36̔ū̉ÎʈʱŁĔ?J.H
̏ô̕MĔA~
q/ü̬J(¿CI  
ȍɅɏ̮5Pvr3.JGɏ̮ʱ6

PvrM̮Őćś¹0 .ɂʣ .H
ǏŒ5̕M̮ŐȺƝ0"Iǎȕ/6òȽ
FĻȈ$I0/2ċʥƖʟGJI 
 ǥɵ5ʌǭFH
XjrMŃ"I0/PvrƆ(H5ÜëŝſMǑ/
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I0ɣĞJ
?(&J3µ EAB /I Geobacteraceae 5ŒĬȊȽM̿B
GJI0ǒG02+(JG506
XjrMǃĢ"I03FH
P
vr3ɏ̮ʱMFH̿ſ3̪ɮ/I0Mɣ .Iǎ
ǏŒ5Ĵ̼ȕ/6

JGɏ̮ʱ5ü̬6/2+(ȍɅɏ̮3̡"Iɏ̮ʱ5ü̬36
&J3
̇ (Ĵ̼ȕ5̟ɏ̑˂0ʟGJ(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Ħʽ 
 Table 1. ǥɞɰ/Ʉ(ȍɅɏ̮dfo5̮ǻbRg 
 
 
 
  
RPF-MFC system
Size (cm−2)
Anode Cathode
SE 50 50
LE 424 424
AL 50 424
CL 424 50
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 Table 2. ɏ̮ʱMü̬"I(B5Ȟ¹Ĵĭ5ʊƠ 
 
 
 
  
Medium component
NaHCO3 2.5 g
CaCl22H2O 0.1 g
KCl 0.1 g
NH4Cl 1.5 g
NaH2PO42H2O 0.8 g
NaCl 0.1 g
MgCl26H2O 0.1 g
MgSO47H2O 0.1 g
MnCl24H2O 0.005 g
Na2MoO42H2O 0.002 g
NaCH3COO 2.7 g
Yeast extract 0.05 g
Acetate 0.6 mL
Fe2O3 16.7 g
Distilled water 490mL
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 Fig. 1 ȍɅɏ̮5Øɚ́˪Mfkq .̈́ǐɕ͂a̓F8 70ǐɕ͂b̓5Ø
ɚȍɅɏ̮5ʿʝMˏʝ .C
ɭ5ɂʣ3ƈ̴6˃GJ2 
 
  
(a) (b)
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 Fig. 2 ĎȍɅɏ̮dfo5̮ȒƖʥ5Ȋ˭ȍɅɏ̮dfoÓ¹5 PmaxÈ
͂a 
̓Pvrƨƈ̳ɮ(H5 QmaxÈ͂b 
̓F8Xjrƨƈ̳ɮ(H5
QmaxÈ͂c̓Mɣ"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 Fig. 3 ȍɅĪĽF8 AL
CL5PvrʱĈ5ÝŐʃʎˈǫ˂ Family5Œ
ĬȊȽ͂́̓Mɣ"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
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 Fig. 4 ALF8 CL5PvrʱĈGǹÜJ(˂ Geobacteřà5ʃʎɒ·
ʝMɣ"ʃʎȃ˳ʗǳ5̌à6 NCBIpkfGlSr 
P\h
nd±x00C3ɣ (ÝŮȱ5ǇÈ6}qfqn~È͂100ģˋ
ɻ
50°5È5@ʽˎ̓/I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ɸ͈ɵ pɏ̮ʱMɄ( EA-EPC5ɡɴ 
 
4.1 ʕˊ 
 ɸ͇ɵ5ʌǭFH
̮ǻbRgMǹˌ"I03FHÜëŝſMĒ$
ɏ̮ʱ
MFH̿ſ3̪ɮ$I0/(  
&5ƌ5Ĵ̼/6ɏ̮ʱ5ü̬/
#
ɏ̮ʱ5ü̬36&J3̇ (ü̬dfo5̟ɏ̑˂0ʟGJ(&
/ǥɞɰ/6
ɏ̮ʱMü̬"I(B5Ǎ˄pxRf0 . EA-EPCMƺǶ 
&5
ʿʝF8Ƥ̵5ɡɴMʻ+(5(B3
pɏ̮ʱ/I Geobacter 
sulfurreducensMɄ
̮ǻM̮Őćś¹0 2G5`tƇƠM˒@( 
 
 
4.2 Ǧǋ0ǎȕ 
4.2.1 ¾Ʉʱǳ0Ĵ̼ǧ² 
 Geobacter sulfurreducens DSM 12127TM DSMZXm`\dFHĆHŜ
$(Ĵĭ0 .
̍̏M̮ŐÀ¹
|̏M̮Őćś¹0 
˚ˀƌ3|Q
qd ( DSM826ĴĭMɄ(͂ Table 1 ̓Ȫʱ (xRPz͂ śɮ 100 
mLɫſ̓3ĴĭM 50 mLí
K̂Ȫʱ ( 100 mM L-dfoRĹ̏ĹM 500 µL
í(ɳʆx}]M 15 Ýʻ+(ƌ
ŏȌmx3ɪ 
mxÕ5
ȌŬ͂N2
H2
CO2̓3ʝƻ (&5ƌ
500 µL5ʱȞMí
}ma5ǲ/
ŝ̞ (Ĵ̼6 30/ʻ
ȭſĿô/ɂʣMɡ˖ ( 
 
4.2.2 EPC5ǽɾ 
 EPC 5ØɚM Fig. 1 3ɣ"āȴǻMÒJIɯɱ.I EPC Ʉ~fmn\
d͂ɖƉ 6.5 cm
̿ 3.0 cm
ś̓ 100 mL̓F8̘ʖM˹ (Puyn\
ˇįe͂ʳYfôœ̓6 UVȴť/Ȫʱ (¼Ʉǻ36Ŧ̮Ɩ5˷ǒYf
̮ǻ͂FTO
5 × 5 cm
Sigma-Aldrich̓MɄ
mkʖ/ħŖ (ƌ3Wq\
} (Ĵĭ36 DSM826ĴĭG̮Őćś¹/I|̏M̦
2.0 g/L5 NaCl
F8 100 mM L-dfoRĹ̏ĹMí(C5͂EA-free DSM826̓MɄ(6.0 
g/L5PYf͂LO3
kXxRW̓Mâ3Wq\} 
ʄ 603ÙB(
ƌ3ˎĴĭ0Ƞď 
Ag/AgCl̮ǻ͂HX-R5; õǊ̮ű̓Mˏʝ ( EPCd
3ȗ)Ĵĭ36Ɠ˂3Ɣ!. CBB͂ Coomassie Brilliant Blue
10 µg/mL M̓í(
Ţǻ͂mknd
1 x 5 cm̓6Wq\}ƌ
~q5ʽ̳3ˏʝ (
Ĵĭ5ħôƌ3ŏȌmxÕ/ǖ̱ʝ 
~qÕ5̏ʆM̦Ā (&5
ƌ
~qĴĭ5ʽ̳3ʱȞMĸŵ 
&53¼ɄǻM:$(Ǹʱƌ
EPC
6Puyn\ˇįe3ɪ 
Õ̋6Puyn\^Z͂ʳYfôœ̓M
Ʉ.ŏȌǧ²3Å+(EPC5͇,5̮ǻ0odfknqMƸʐ 
¼Ʉǻ
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̮·M-0.2 V͂vs Ag/AgCl̓3ˏŖ (Ĵ̼6 30/ʻ+( 
 
4.2.3 Geobacter5~qĴ̼ 
 Geobacter M~qĴ̼"I(B3
PYf~qM¼Ơ (Ĵĭ0 
.
DSM826Ĵĭ3 2.0 g/L5 NaClF8 100 mM L-dfoRĹ̏ĹMí(C5
MɄ(6.0 g/L 5PYfMâ3Wq\} 
ʄ 603ÙB(ƌ3Ȟ¹
ƠÝ0Ƞď 
d3ȗ)Ĵĭ36Ɠ˂3Ɣ!. CBB͂Coomassie Brilliant 
Blue
10 µg/mL̓Mí(Ĵĭ5ħôƌ3ŏȌmxÕ/ǖ̱ʝ 
~
qÕ5̏ʆM̦Ā (ʱȞMĸŵƌ
~qMPuySm^Z͂ʳYf
ôœ̓3ÒJ
ŏȌǧ²/Ĵ̼ ( 
 
4.2.4 Ŗ̮·Ĵ̼MɄ(ɏ̮ʥ5ɡ˖ 
 ~q3`tMƇƠ (ʱǳ5ɏ̮ʥ5ɡ˖6
Ŗ̮·Ĵ̼/ʻ+(
J36
ʄ 16 mLś̓5̮ǻʃŧį̮Ȍôœh͂Fig. 2̓MɄ(¼Ʉǻ36
]|ORq|Tq͂2 x 2 cm 
̓Ţǻ36mknd͂2 x 2 cm 
̓āȴǻ36
Ag/AgCl̮ǻMɄ(Ĵĭ36˵5 EA-free DSM826ĴĭMɄ(h3Ĵĭ
Mí(ƌ3
ɳʆx}]M 15 Ýʻ+(ŏȌmxÕ/Ǹʱƌ
̮ǻ0
odfknqMƸʐ 
¼Ʉǻ̮·M-0.2 V͂ vs Ag/AgCl̓3ˏŖ (Ĵ̼6
30/ʻ+( 
 
 
4.3 ʌǭ 
4.3.1 GeobacterMɄ( EA-EPC5ɡɴ 
 EA-EPC 3. EAB ̮ǻM̮Őćś¹0 2G`tMƇƠ/IM
ɡBI(B
DSM826Ĵĭ/ɂʣ$( G. sulfurreducens M~q3ĸŵƌ

G¼ɄǻM:$
¼Ʉǻ̮·M-0.2 V͂ vs Ag/AgCl̓3ˏŖ 
30/Ĵ̼ (
̟ŌGF& 5ǐƌ3̮țÈHŌB
14ǐƌ36ǞŃÈ3ǟ (͂ Fig. 3 ̓
14 ǐɕ3 FTO̮ǻ5×3ʸˣʭ5ŧ2`tɂʣ .I0ɡ˖/
(͂ Fig. 4 
̓&JG6ˆŠ 3+(&/~qĴĭ3 CBBMȡí (0
K
̰ʭ56+H (`tˆŠ/
ŧ2`tCˆŠċʥ32+(
͂Fig. 5 ̓?(
Ǹʱ 206̮țɂƠJ#
̟ģ˨ǧ²3.6ʱ5ɂ
ʣɡ˖J2+( 
 
4.3.2 EPC`t5ǀ¼Ɩ5ɡ˖ 
 EPC3.ɂʣ (`tMǸʏ0/IMɡ˖"I(B
EPC
G FTO ̮ǻMĆHŀ 
×3ɂʣ .I`tGʱMĆH
Ǎ PY
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f~q3ĸŵ (~qM 30/ŏȌɒ3Ĵ̼ (0K
Geobacter3ȹ
Ƒɒ2ŧ2ˣ`tƎGJ(͂Fig. 6 ̓EPC 3 CBB Mȡí .C
Ǹʏ
)ƌ5`t5ɂʣ3ƈ̴62+( 
 EPC3.ɂʣ ( Geobacterɏ̮ʥMÅƱ .I1Mɡ˖"I(B

EPC`tMŧį̮Ȍôœh3Ǹʱ 
Ŗ̮·Ĵ̼Mʻ+(̟ŌGF& 2
ǐƌ3̮țÈɴ*HŌB
4 ǐƌ36ǞŃÈ3ǟ (͂Fig. 7 ̓°5ʌǭ
G
ƎGJ(`t6ɏ̮ʥMÅƱ .I0ɡ˖J( 
 
 
4.4 ʟŠ 
 ǥɵ/6
G. sulfurreducens  EA-EPC 3.̮ǻM̮Őćś¹0 2G`
tMƇƠ"IMɡB(G. sulfurreducens 6ħ¹̔ū̉Îʈʱ0 .ü̬J
(Caccavo et al., 1994)
Ȋ˭ɒ̿ɏ̮ʥMƱ,0G
pɏ̮ʱ0 .Fɞ
ɰJ.I?(
̮țɂƠȄǽ5ˈǫC˾N/I (Lovley et al., 2011) 
 ǥɵ5ɞɰ3FH
¼Ʉǻ/I FTO̮ǻ5×3 EAB`tMƇƠ 
&J
3µ̮țɂƠJI0ɡ˖J(͂Fig. 3, Fig. 5 ̓Ǹʱ 2ǧ²/6̮ț
ɂƠ˥#
̟ģ˨ǧ²3.6ʱ5ɂʣɡ˖J2+(JG50
G
EAB6̮ǻMğ5̮Őćś¹0 .`tMƇƠ/I0ɡ˖J(
?(
CBBMȡí"I0/ FTO̮ǻ5×5`tˆŠ D"2H
CBB5
ĻȈD̮țɂƠ;5ƈ̴6˃GJ2+(°
ǥɵ5ɞɰ3.
EA-EPC5
ĵɢMɡɴ"I03Ơì (BES3.6
ɏ̮ʱ5ɂʣ36ħ¹̮ǻƓ˂
0ʟGJI0G
EA-EPCMɄI0/ǏŒ5ǎȕFHCFH̿òȽ3ɏ̮
ʱ5ü̬ċʥ0ƕLJIȅɵ/6
ǥɵ5ʌǭMC03
Ɂĺb~Gɏ̮
ʱ5ü̬Mʻ+(ʌǭMˎ"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Ħʽ 
 Table 1. DSM826Ĵĭ5ʊƠ 
 
 
  
Medium component
NH4Cl 1.5 g
Na2HPO4 0.6 g
KCl 0.1 g
Na-acetate 0.82 g
NaHCO3 2.5 g
Na2-fumarate 8.0 g
DSM141 mineral solution 10 mL
DSM141 vitamin solution 10 mL
Distilled water 980 mL
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 Fig. 1. EPC5Øɚ¼Ʉǻ͂WE̓36 FTOYf̮ǻ
Ţǻ͂CE̓36mk
nd
āȴǻ͂RE̓36 Ag/AgCl̮ǻMɄ( 
 
  



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 Fig. 2. ŧį̮Ȍôœh5Øɚ¼Ʉǻ͂WE̓36]|ORq|Tq
Ţǻ
͂CE̓36mknd
āȴǻ͂RE̓36 Ag/AgCl̮ǻMɄ(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 Fig. 3. GeobacterMɄ( EA-EPC3I̮țÈ5ʋǔĿôȍʭ6 Geobacter
MǸʱ (C5ʔʭ6Ǹʱ .2`q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 Fig. 4 GeobacterMɄ( EA-EPC3I`t5Øɚ+"G0{\ʭ
5`t˃I
˅˖ 3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 Fig. 5 CBBMȡí ( EA-EPC3I`t5ØɚCBB3F+.̰ǯʭ
J
`t6Ó¹ɒ3˅˖ D"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 Fig. 6 DSM826PYf~q3ɂʣ ( Geobacter5`t5ØɚCBB
/ǯʭJ(`tMǸʏ/C
ȅ5Ĵ̼36ƈ̴6˃GJ2+(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 Fig. 7 EA-EPC`tMǸʱ (ŧį̮Ȍôœh3I̮țÈ5ʋǔĿô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ɸ͉ɵ EA-EPCMɄ(ȍɅɏ̮3ɆǨ"Iɏ̮ʱ5ü̬ 
 
5.1 ʕˊ 
 ɸ͇ɵ/˵<(˹H
̮ǻbRgMǞ̇ô"I03FHÜëŝſǑ 
ɏ̮
ʱMFH̿ſ3̪ɮ$I0/(ȍɅɏ̮3̡"Iɏ̮ʱ6ÝŐʃʎɒ3
Ǎɬ5ċʥƖʟGJ(
ǏŒ5ǎȕ/6ü̬/2+(&/ǥɞɰ/6

çɵ/ɡɴ ( EA-EPCMɄ
ɏ̮ʱ5ü̬M˒@(J3.6
ȍɅɏ̮
5PvrʱĈG̪ɮ (ɏ̮ʱM EA-EPC3Ǹʱ 
ɏ̮ʱ5ü̬Mʻ+( 
 
 
5.2 Ǧǋ0ǎȕ 
5.2.1 ȍɅɏ̮ 
 ɸ 3ɵ3ˎ (F3ȍɅɏ̮ŗ̽Mʻ+(ŗ̽ʉ¢ǔ3 ALdfo5Pv
rMģą 
PuZ~͂ʳYfôœ̓Õ3ţÒ .ŘȤ/ÅŒ ( 
 
5.2.2 Ŗ̮·Ĵ̼3FIɏ̮ʱ5̪ɮ 
 ģą (ȍɅɏ̮Pvr5̋͂2 × 5 × 1 cm̓Mś̓ʄ 120 mL5ǻʃį
̮Ȍôœh͂ Fig. 1 5̓¼Ʉǻ3Ʉ.̮ȌôœĴ̼Mʻ+(Ţǻ36mkn
d͂2 × 5 cm 
̓āȴǻ36 Ag/AgCl̮ǻM
Ĵĭ0 .6 4.2.23ˎˮ ( EA-free 
DSM826 ĴĭMɄ(h3ĴĭMí(ƌ3
ɳʆx}]M 15 Ýʻ+(
̮ǻ0odfknqMƸʐ 
¼Ʉǻ̮·6-0.2 V͂ vs Ag/AgCl 3̓ˏŖ (
́˪6 30/ʻ+( 
 
5.2.3 EPCMɄ(ü̬ 
 EPC 5ǽƠF8́˪ǧ²6 4.2.2 3ˎˮ (C5/IŖ̮·Ĵ̼ƌ3Pv
r5̋MÞHÜ 
®ɛƐɂȸM EA-free DSM826Ĵĭ3Ɵȭ (ƟȭȞṀſ
3Ŷ̐ 
EPC3ĸŵ 
&53¼ɄǻM:$(EPCMPuyn\ˇįe
3ÒJ
Puyn\^Z͂ʳYfôœ̓MɄ.ŏȌǧ²3Å+(̮ǻ
Modfknq3Ƹʐ 
¼Ʉǻ̮·M-0.2 V͂ vs Ag/AgCl̓3ˏŖ 
30/
Ĵ̼ ( 
 
5.2.4 `tPCR 
 EPC~q3ƇƠJ(`t5ÝŐʃʎˈǫMʻ(B3
16S rRNÄ
´Ő5`tPCRMʻ+(DNAi0 . Ex TaqMɄ
Total DNA
5¯LH3`tMɖƸĄƔȞ3í(16S rRNA MĻŸ$I~R0 
.txb~R5 27f͂AGAGTTTGATCMTGGCTCAG̓F8 1492r
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͂TACGGYTACCTTGTTACGACTT M̓Ʉ(ǑȤǧ²6
96 30ɩ
(96 30ɩ

60 30ɩ
72 1Ý 30ɩ)	30bR\
 72 7Ý/+(?(
PCR3Ʉ
(`tMǍ  EPC3Ǹʏ
ÅŒ ( 
 
5.2.5 ÝŐʃʎˈǫ 
 PCRɃȸM QIAquick PCR Purification Kit͂QIAGEN̓MɄ.ʂˀ (ŷȕ3ƍ
+. PCRɃȸ5̌àȓŖMʻ
ƎGJ(̌àM NCBI5 Nucleotide BLASTǹʇ3
(ÝŐʃʎˈǫ6 2.2.80ĐǾ3MEGA6.06-MacMɄ.ʻ
5̩3˳ʗ
ǳ5̈´Ő̌à6 NCBIGlSr ( 
 
5.2.6 Ŗ̮·Ĵ̼MɄ(ɏ̮ʥ5ɡ˖ 
 ü̬ǳ5ɏ̮ʥ5ɡ˖6 4.2.40ĐǾ3Ŗ̮·Ĵ̼/ʻ+( 
 
5.2.7 ̺Ɛ̛ˆŠ 
 Ĵ̼Ȟ3Ĕ?JIʱ5ʅſMɡBI(B
DAPI ǯʭ (ʱ5̺Ɛ̛ˆŠMʻ+
(ĵǥɒ2ŗ̽ǀ¼6 2.2.20Đ!/I 
  
 
5.3 ʌǭ 
5.3.1 Ŗ̮·Ĵ̼3FIɏ̮ʱ5̪ɮ 
 ȍɅɏ̮3ɆǨ"Iɏ̮ʱMG3̪ɮ"I(B3
ʄ 4ǟ́˪ (ȍɅɏ̮5
PvrM¼Ʉǻ0 .̍̏Mĵˡ0 (Ŗ̮·Ĵ̼Mʻ+(̮ țÈ5¸×ˆŠ
J(G
ĵˡ/I̍̏5ȡí
?(6Ĵĭ5ÒJǝMʻ+( 
 
5.3.2 EA-EPCMɄ(ɏ̮ʱ5ü̬ 
 Ŗ̮·Ĵ̼5̮ǻ͂ 1 	 1 cm M̓ EA-free DSM826Ĵĭ3ÒJ
®ɛʱMƟȭ (
5Ŷ̐ȞM EPC 3ʱȞMĸŵ (0K
́˪̟ŌGF&͊ǐƌ3̮țÈ
ɴ*HŌB
12 ǐƌ36ǞŃÈ3ǟ (͂Fig. 2 ̓12 ǐɕ3.
FTO ̮
ǻ5×3 CBB/ǯʭJ(`t 50Æ°ˆŠJ(͂Fig. 3 ̓ 
 
5.3.3 ü̬`t5ʱɬĐŖ 
 ƎGJ(`t5 16S rRNÄ´Ő̌àˈǫMʻ
45Æ5`t3,.Ý
ŐʃʎɒƖˡMĐŖ (͂Table 1 ̓5ʽ3ɣ"F3
ªģ5ŗ̽͂°×
1st trial 
EA-EPC̓3.6
Geobacter
Citrobacter
Macellibacteroides
Parabacteroides

Eubacterium213ū"ü̬ǳƎGJ(͂Table 1, 1st trial ̓ȹ3
Citrobacter3ū"
Iʈʱ5`tǞCŁƎGJ(5/
5*Ż,Mü̬ ͂ ND-1
ND-2
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ND-3 
̓°×5ˈǫ3Ʉ( 
ü̬ ( Citrobacter5* ND-2ǳ3,.-0.2 V͂ vs Ag/AgCl 3̓IŖ̮·Ĵ
̼Mʻ+(0K
̮țɂƠɡ˖J
ǥʱǳɏ̮ʥëMǠ .I0ɡ˖
J(͂ Fig. 4 ̓?(
16S rRNÄ´Ő̌à3ĵ-ÝŐʃʎˈǫMʻ+(0K

ü̬ǳ6Ǐɜ5ɏ̮ʱ06ɍ2I]~3ū"C5/I0ǒG02+(
͂Fig. 5 ̓ 
   
JG5ʌǭ6ơ5£ƚ06ɍ2+.(ɸ͇ɵ5ʌǭG
ɅN>
ɏ̮33̡"Iɏ̮ʱ6 Geobacter5˳ʗɬ/I0ɣĞJ
&5ǎ/
Citrobacter6?HǹÜJ2+(°5ʌǭFH
ǥŗ̽3IºÿĤ
/
ǥǨŁǇŒĬ .Iɏ̮ʱM̪ɮ?(6ü̬/2+(ċʥƖʟGJ( 
 
5.3.4 ŏȌǧ²×3Iɏ̮ʱ5ü̬ 
 çɽFH
1st trial5ŗ̽ǧ²/6
ȍɅɏ̮3̡"I˂2ɏ̮ʱMü̬/.
2ċʥƖʟGJ(ơ6
5ÿĤ0 .
\mÕ/5ŗ̽ǀ
¼5̏ʆǘ̯3FHŏȌƖ5ɏ̮ʱ5ɂʣ̢ŚJ. ?
ʌǭ0 .˹Ɩŏ
ȌƖʈʱ5 CitrobacterÍþɒ3ü̬J(ċʥƖMʟ(&/
5±ŖMǹ
ː"I(B3
͆ ſɕ5̪ɮĴ̼F8 EA-EPC3FIü̬͂ °×
2nd trial EA-EPC̓
Mʻ+(ĵǥɒ2ŗ̽ǧ²6 1st trial0Đ!)
2nd trial 3.6
"<.5ŗ
̽ǀ¼MŏȌmxÕ/ʻ+(&5ʌǭ
2nd trial EA-EPC3.C
̮țɂ
Ơ͂Fig. 6̓F8`tɡ˖/(͂Fig. 7 ̓  
`tPCR3FI 16S 
rRNA ̈´ŐˈǫMʻ+(0K
&5ŁˁǇʱǳ5Ƞď`t/H
Ȇɡ
2ʱɬĐŖ/2+(ǎ͋,5`t5ʱɬĐŖ36Ơì (
&JG
6 Sulfurospirillum3ū"C5/I0ǒG02+(͂Table 2, 2nd trial ̓°ç5
ɞɰ3.
Sulfurospirillum6 BES5ʱĈGɏ˃J.I
ǥūʈʱɏ
̮ʥëMƱ,06ɣJ.2 (Marshall et al., 2017)&/
ƎGJ(`t
MŖ̮·Ĵ̼3Ǹʱ (0K
̮țɂƠɡ˖J(͂Fig. 8 ̓  
5Ĵ
̼ȞM̺Ɛ̛ˆŠ (0K
͆ɬ̻5ƇƝ5ɍ2Iʱ͂3 ~ 4 µm5Ƿʱ0 1 ~ 2 µm
5Ƿʱ̓ˆŠJ(͂Fig. 9 ̓5Ĵ̼Ȟ36ˁǇɬ5ʱȠ+.IċʥƖ
ʟGJ((B
JM EA-EPC3Ǹʱ 
` tÝ̬Mʻ+(͂ 3rd trial EA-EPC ̓
&5ʌǭ
̮țɂƠ͂Fig. 10̓F8`tɡ˖/(͂Fig. 11 ̓`tPCR
F8ʱɬĐŖMʻ+(0K
"<.5`t6 Geobacter 3ū"C5/

Sulfurospirillum6ƎGJ2+(͂ Table 1, 3rd trial ̓5̩3ƎGJ(`t͂ RPFA-
12G-1̓MŖ̮·Ĵ̼ (0K
̮țɂƠɡ˖J
ǥʱǳɏ̮ʥëMǠ .
I0ǒG02+(͂ Fig. 12 ̓?(
ƃʐʻ+(Ĵ̼Ȟ5̺Ɛ̛ˆŠ3
.
1 ~ 2µm5Ƿʱ5@ˆŠJ(G3
5ʱǳ5 16S rRNÄ´Ő̌à
MɄ(ÝŐʃʎˈǫ5ʌǭ
J6 Geobacter3ū"C5/I0ǒG02
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+(͂Fig. 13 ̓°5ʌǭFH
EA-EPCMɄI0/ȍɅɏ̮3̡"Iɏ̮ʱ
GeobacterMü̬/I0ɣJ( 
 
 
5.4 ʟŠ 
 ǥɵ5ŗ̽/6
ɸ͈ɵ3.ɡɴ ( EA-EPCMɄ.
ȍɅɏ̮3̡"I
ɏ̮ʱ5ü̬Mʻ+(ɸ͇ɵ5ʌǭFH
ǥɞɰ3.C GeobacterPvr
ʱĈ3.̺ʶ3Ļí 
ɏ̮3̡"I0ʌǭ (Kouzuma et al., 2013) ǂ
ƱJ(?(
JG5ɏ̮ʱ6Ǎɬ5 Geobacter5ċʥƖCH
&JG5ɂɀ
œɒȹƑ3ʪĘƱ(J(  
&5ƌ5Ȟ¹F8~qĴ̼3.
&
JGɏ̮ʱ6ü̬/2+(&/ǥɵ3ˎ (ɞɰ/6
ȍɅɏ̮5Pvr
ɆǨ5ʱĈG EA-EPCMɄ.ɏ̮ʱ5ü̬Mʻ+(1st trial5 EA-EPC/6Ł
5`tƎGJ(͂Fig. 3 
̓̋5ŗ̽ǀ¼MŊȌǧ²×/ʻ+((B3
˹
ƖŏȌƖʈʱ5 Citrobacter3ū"ɏ̮ʱǞCŁü̬J(͂Table 1, 1st trial ̓Ǐ
3Ðʻɞɰ3.Citrobacterɏ̮ʥëMƱ,0ɡBGJ.H (Xu & Liu, 
2011)
JG6ŁǾ2ĵˡMɄ.ɏ̮"I0ˊLJ.I?(
̍ ̏Mĵˡ3 
.ɏ̮/I0CɜGJ.I (Huang et al., 2014)
Geobacter0Ȋ˭"I0ɏ̮
ʥë¸+(͂ Fig. 4, Fig. 12 ̓G3
ɸ͇ɵ3ˎ (ʱĈˈǫ3.
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ū" Enterobacteriaceae 6PvrG=0N1ǹÜJ2+(JG50
G
̏ ʆ5ǘ̯ EA-EPC3Iɏ̮ʱ5ü̬3Ń2ƈ̴M(ċʥƖʟ
GJ( 
 ̏ʆƜćƖ5ŏȌƖɏ̮ʱMü̬"I(B3
2nd trial 5 EA-EPC /6ŗ̽ǀ¼M
ŏȌǧ²×/ʻ+(5ŗ̽3.ƎGJ(`t5=0N1ˁǇʱɬ5Ƞ
ďȸ/+(
̋5üɬ`t6 Sulfurospirillum3ū"C5/I0ǒ
G02+(͂Table 1, 2nd trial ̓Sulfurospirillum6-~oWx\oP3ū"ɠ̀
̉Îʈʱ/I (Kodama et al., 2007)°ç5ɞɰ3.
Sulfurospirillumū6 BES
5ʱĈGɏ˃J.I
ǥūʈʱɏ̮ʥëMƱ,06ɣJ.G#
(Marshall et al., 2017)
&5Ɩˡ3ʪĘƱ(J(  
Ĵ̼Ȟ5̺Ɛ̛ˆŠ3
.͆ɬ̻5ƇƝɒ3ɍ2Iʱ¹˃ÜJ
ˁ Ǉɬ5ʱȠ+.IċʥƖʟ
GJ(͂Fig. 9 ̓&/ 3rd trial5 EA-EPC/6
5ʱȞMǸʱ 
Geobacter5
˳ʗǳMü̬"I0/(Sulfurospirillum6ƎGJ2+(0G
2nd trial
5 EA-EPC/ƎGJ(`t6ɏ̮ʱ Geobacter0 SulfurospirillumÔɂɒ3ƇƠ
 (C5/IċʥƖʟGISulfurospirillumɏ̮ʱ/IċʥƖCēŖ/
2
&5ƌ5ŗ̽/CJGMü̬"I0/2+(ǎü̬J(
Geobacter 6ɏ̮ʥëMǠ .H͂Fig. 12 
̓ÝŐʃʎˈǫ5ʌǭG G. 
sulfurreducens 3˳ʗ2ʱǳ/I0ǒG02+(͂Fig. 13 ̓Ðʻɞɰ3
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̍̏Mĵˡ0 (ȍɅĪĽ MFC 5PvrʱĈ3 G. sulfurreducens 5˳ʗɬ
Íþɒ3ÜȾ"I0ɣJ.H (Kouzuma et al., 2013)
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̬ċʥ/H
Ðʻɞɰ/ɄGJ(̤ɉŶ̐ȕ215fon~˂32I
J3FHü̬3Iǔ̠0ñëMŃŸ3ɝʙ
ʀɋô/I0G
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ªƌ6
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2ŗ̽ǧ²× EPC
Mʻ+.(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G3ŁǾ2ɏ̮
ʱMü̬/I0ƕLJI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Ħʽ 
 Table 1. ͇ģ5 EA-EPC3.ƎGJ(ü̬ǳ 
 
 
  
 

1st trial 53
Citrobacter 19
Macellibacteroides 11
Parabacteroides 5
Eubacterium 3
Desulfovibrio 2
Aeromonas 1
Geobacter 1
Unknown 3
Unidentified 8
2nd trial 15
Sulfurospirillum 7
Unidentified 8
3rd trial 14
Geobacter 4
Unidentified 10
	 82
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 Fig. 1Ŗ̮·Ĵ̼3FIEAB5̪ɮ3Ʉ(į̮Ȍôœh5Øɚ¼Ʉǻ͂ WE̓
36ȍɅɏ̮5PvrMÞHÜ (C5
Ţǻ͂CE̓36mknd
āȴǻ
͂RE̓36 Ag/AgCl̮ǻMɄ(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 Fig. 2 Ŗ̮·Ĵ̼3FHPvr3̪ɮJ(ʱ5ƟȭȞMǸʱ ( 1st trial EA-
EPC3I̮țÈ5ʋǔĿô 
 
  
0
0.5
1
1.5
2
2.5
3
3.5
4
0 50 100 150 200 250 300




(μ
A/
cm
2 )
 (h)
 72 
 
 Fig. 3 1st trial EA-EPC3. FTO̮ǻ×3ƇƠJ(`t5Øɚ`t
6 CBB/ǯʭJ.I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 Fig. 4Ŗ̮·Ĵ̼3I Citrobacter sp. ND-2ǳ3FI̮țɂƠ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 Fig. 5 Citrobacter5 16S rRNÄ´Ő3ĵ-ÝŐʃʎˈǫʔʭ5Ǯ6 1st trial EA-
EPC 3.ü̬J(ʱǳȍʭ6J?/3ɏ̮ʱ0 .ĶĖJ.Iʱǳ 
  
 
 
Citrobacter sp. ND-3
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Citrobacter sp. ND-1
C. amalonaticus ATCC25405 (KX450351)
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C. sedlakii CDC4696-86T (AF025364)
C. koseri ATCC27028 (KX450352)
Citrobacter sp. XS-1 (HQ845373)
Citrobacter sp. sdy-48 (FJ463782)
Citrobacter sp. yy-21 (FJ463779)
C. rodentinum CDC1843-73T (AF025363)
C. bitternis SKKU-TP7 (KJ817168)
C. freundii ATCC8090 (KM515969)
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 Citrobacter sp. ND-3
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 Citrobacter sp. ND-1
 Citrobacter amalonaticus ATCC25405 (KX450351)
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 Citrobacter farmeri 2991-81 (AF025371)
 Citrobacter sedlakii CDC4696-86T (AF025364)
 Citrobacter koseri ATCC27028 (KX450352)
 Citrobacter sp. XS-1 (HQ845373)
 Citrobacter sp. sdy-48 (FJ463782)
 Citrobacter sp. yy-21 (FJ463779)
 Citrobacter rodentium CDC1843-73T (AF025363)
 Citrobacter bitternis SKKU-TP7 (KJ817168)
 Citrobacter freundii ATCC8090 (KM515969)
 Citrobacter sp. Z7 (JX185134)100
8 5
9 2
100
5 5
9 9
6 1
4 6
100
5 6
1 4
0.002
←
←
Citrobacter sp. ND-3
Citrobacter sp. ND-2
itrobacter sp. ND-1
C. amalonaticus ATCC25405 (KX450351)
C. farm i GTC01319 (AB741662)
C. farm i 2991-81 (AF025371)
C. sedlakii CDC4696-8 T (AF025364)
C. koseri ATCC27028 (KX450352)
Citrobacter sp. XS-1 (HQ845373)
Citrobacter sp. sdy-48 (FJ463782)
Citrobacter sp. yy-21 (FJ463779)
C. rodentinum CDC1843-73T (AF025363)
C. bitternis SKKU-TP7 (KJ81716 )
C. freundii ATCC8090 (KM515969)
Citrobacter sp.  ( 85134)

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 Fig. 6 ŏȌǧ²×/Ŗ̮·Ĵ̼5Pvr3̪ɮJ(ʱ5ƟȭȞMǸʱ (
2nd trial EA-EPC3I̮țÈ5ʋǔĿô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 Fig. 7 2nd trial EA-EPC5 FTO̮ǻ×3ƇƠJ(`t5Øɚ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 Fig. 8 2nd trial EA-EPC3ÜȾ (`tMǸʱ (Ŗ̮·Ĵ̼3I̮țÈ5
ʋǔĿô16S rRNÄ´ŐˈǫG
SulfurospirillumūʈʱŒĬ"I0ɣJ
.I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 Fig. 9  Fig. 83ɣ (Ŗ̮·Ĵ̼ƌ5Ĵ̼Ȟ5ʺÑ̺Ɛ̛ˆŠ͆ɬ5ƇƝɒ3
ɍ2Iʱ¹͂ʔ : 3 ~ 4 µm5Ƿʱ
̰ : 1 ~ 2 µm5Ƿʱ̓ŒĬ .(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 Fig. 10   Fig. 83ɣ (Ŗ̮·Ĵ̼5Ĵ̼ȞMǸʱ ( 3rd trial EA-EPC3I
̮țÈ5ʋǔĿô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 Fig. 11  3rd trial EA-EPC3. FTO̮ǻ×3ƇƠJ(`t5Øɚ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 Fig. 12 3rd trial EA-EPC/ü̬J( Geobacter sp. RPFA-12G-1ʱǳ5Ŗ̮·Ĵ̼3
I̮țɂƠ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 Fig. 13 Geobacter5 16S rRNÄ´Ő3ĵ-ÝŐʃʎˈǫʔʭ5Ǯ6 3rd trial 
EA-EPC3.ü̬J(ʱǳȍʭ6 G. sulfurreducens 
 
  
 G. bemidjiensis Bem (NR_075007)
 G. bremensis Dfr1  (NR_026076)
 G. humireducens (AY187306)
 G. uraniireducens Rf4 (NR_074940)
 G. lovleyi SZ (NR_115337)
 G. argillaceus G12 (NR_043575)
 G. pelophilus Dfr2 (NR_026077)
 G. chapellei 172 (U41561)
 G. psychrophilus P35 (NR_043075)
 G. hydrogenophilus (U46860)
 G. metallireducens GS-15 (NC_007517)
 G. anodireducens SD-1 (NR_126282)
 G. sulfurreducens PCA (NC_002939)
 G. sulfurreducens subsp. ethanolicus (AB762695)
 RPFA-12G-1
 RPFA-12G-4
 Desulfuromonas acetoxidans (AY187305)
100
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100
100
100
8 8
8 3
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9 9
100
9 7
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9 2
0.01
G. bemidjien is Bem (NR_075007)
G. bremen is Dfr1 (NR_026076)
G. humireducens (AY187306)
G. uraniireducens Rf4 (NR_074940)
G. lovleyi SZ (NR_115337)
G. argillaceus G12 (NR_043 75)
G. pelophilus Dfr2 (NR_026077)
G. chapellei 172 (U41561)
G. psychrophilus P35 (NR_043075)
G. hydrogenophilus (U4 860)
G. metallireducens GS-15 (NC_007517)
G. anodireducens SD-1 (NR_126 82)
G. sulfurreducens subsp. ethanolicus (AB7 2695)
Desulfuromonas acetoxidans (AY187305)
← (3rd trial)
←	G. sulfurreducens DSM12127 (NC_002939)
RPFA-12G-1 (LC379580)
RPFA-12G-4 (LC379581)
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